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Auxiliary Table for Converting Pounds per Square Inch into 
Atmospheres. Table 14. 


Lb. 

per 

sq. 

in. 

Atmos- 

pheres 

Lb. 

per 

sq. 

in. 

Atmos- 

pheres 

Lb. 

per 

sq. 

in. 

Atmos- 

pheres 

Lb. 

per 

sq. 

in. 

Atmos- 

pheres 

Lb. 

per 

sq. 

in. 

Atmos- 

pheres 

Lb. 

per 

sq. 

in. 

Atmos- 

pheres 

Lb. 
per , 
sq. 
in. 

Atmos- 

pheres 

0.02 

0.00136 

8 . oio . 54433 | 

20 

1. 36081 

80 

5.4433 

140 

9.5257 

200 

13.608 

260 

17.691 

0.03 

0.00204 

8.2 

0.55794 

21 

1.4289 

81 

5.5113 

141 

9.5938 

201 

13.676 

261 

17 . 7.19 

0.04 

0.00272 

8.4 

0.57154 

22 

1.4969 

82 

5.5794 

142 

9.6618 

202 

13.744 

262 

17.827 

0.06 

0.00408 

8.6 

0.58515 

23 

1.5649 

83 

5.6474 

143 

9.7299 

203 

13.812 

263 

17.895 

0.08 

0.00544 

8.8 

0.59876 

24 

1.6330 

84 

5.7154 

144 

9.7979 

204 

13.880 

264 

17.963 

0.10 

0.00680 

9.0 

0.61237 

25 

1.7010 

85 

5.7835 

145 

9.8659 

205 

13.948 

265 

18.031 

0.15 

0.01021 

9.2 

0.62598 

26 

1-7691 

86 

5.8515 

146 

9.9340 

206 

14.016 

266 

18.099 

0.20 

0.01361 

9.4 

0.63958 

27 

1.8371 

87 

5.9196 

147 

10.0020 

207 

14.084 

267 

18.167 

0.30 

0.02041 

9.6 

0.65319 

28 

1.9051 

88 

5.9876 

148 

10.0701 

208 

14.153 

268 

18.235 

0.40 

0.02722 

9.8 

0.66680 

29 

1.9732 

89 

6.0556 

149 

10.1381 

209 

14.221 

269 

18.303 

0.50 

0.03402 

10.0 

0,68041 

30 

2.0412 

90 

6.1237 

150 

10.206 

210 

14.289 

270 

18.371 

0.60 

0.04082 

10.2 

0.69402 

31 

2.1093 

91 

6.1917 

151 

10.274 

211 

14.357 

271 

18.439 

0.70 

0.04763 

10.4 

0.70763 

32 

2.1773 

92 

6.2598 

152 

10.342 

212 

14.425 

272 

18.507 

0.80 

0.05443 

10.6 

0.72123 

33 

2.2454 

93 

6.3278 

153 

10.410 

213 

14.493 

273 

18.575 

0.90 

0.06124 

10.8 

0.73484 

34 

2.3134 

94 

6.3958 

154 

10.478 

214 

14.561 

274 

18.643 

1.00 

0.06804 

11.0 

0.74845 

35 

2.3814 

95 

6.4639 

155 

10.546 

215 

14.629 

275 

18.711 

1.10 

0.07484 

11.2 

0.76206 

36 

2.4495 

96 

6.5319 

156 

10.614 

216 

14.691 

276 

18.779 

1.20 

0.08165 

11.4 

0.77567 

37 

2.5175 

97 

6.6000 

157 

10.682 

217 

14.765 

277 

18.847 

1.30 

0.08845 

11.6 

0.78928 

38 

2.5856 

98 

6.6680 

158 

10.750 

218 

14.833 

278 

18.915 

1.40 

0.09526 

11.8 

0.80288 

39 

2.6536 

99 

6.7360 

159 

10.819 

219 

14.901 

279 

18.983 

1.60 

0.10206 

12.0 

0.81649 

40 

2.7216 

100 

6.8041 

160 

10.887 

220 

14.969 

280 

19.051 

1.60 

0.10887 

12.2 

0.83010 

41 

2.7897 

101 

6.8721 

161 

10.955 

221 

15.037 

281 

19.119 

1.70 

0.11567 

12.4 

0.84371 

42 

2.8577 

102 

6.9402 

1(52 

11.023 

222 

15.105 

282 

19.188 

1.80 

0.12247 

12.6 

0.85732 

43 

2.9258 

103 

7.0082 

163 

11.091 

223 

15.173 

283 

19.256 

1.90 

0.12928 

12.8 

0.87092 

44 

2.9938 

104 

7.0763 

164 

11.159 

224 

15.241 

284 

19.324 

2.00 

0.13608 

13.0 

0.88453 

45 

3.0618 

105 ' 

7.1443 

165 

11.227 

225 

15.309 

285 

19.392 

2.10 

0.14289 

13.2 

0.89814 

46 

3.1299 

106 

7.2123 

166 

11.295 

226 

15.377 

286 

19.460 

2.20 

0.14969 

13.4 

0.91175 

47 

3.1979 

107 

7.2804 

167 

11.363 

227 

15.445 

287 

19.528 

2.30 

0.15649 

13.6 

0.92536 

48 

3.2660 

108 

7.3484 

168 

11.431 

228 

15.513 

288 

19.596 

2.40 

0.16330 

13.8 

0.93897 

49 

3.3340 

109 

7.4165 

169 

11.499 

229 

15.581 

289 

19.664 

2.50 

0.17010 

14.0 

0.95257 

50 

3.4020 

110 

7.4845 

170 

11.567 

230 

15.649 

290 

19.732 

2.60 

0.17691 

14.2 

0.96618 

51 

3.4701 

111 

7.5525 

171 

11.635 

231 

15.717 

291 

19.800 

2.70 

0.18371 

14.4 

0.97979 

52 

3.5381 

112 

7.6206 

172 

11.703 

232 

15.785 

292 

19.868 

2.80 

0.19051 

14.6 

0.99340 

53 

3.6062 

113 

7.6886 

173 

11.771 

233 

15.854 

21)3 

19.936 

2.90 

0.19732 

14.8 

1.00701 

54 

3.6742 

114 

7.7567 

174 

11.839 

234 

15.922 

294 

20.004 

3.00 

0.20412 

15.0 

1.02061 

55 

3.7422 

115 

7.8247 

175 

11.907 

235 

15.990 

295 

20.072 

3.20 

0.21773 

15.2 

1.03422 

56 

3.8103 

116 

7.8928 

176 

11.975 

; 236 

16.0581 

296 

20.140 

3.40 

0.23134 

15.4 

1.04783 

57 

3.8783 

117 

7.9608 

177 

12.043 

237 

16 . 126 ; 

297 

20.208 

3.60 

0.24495 

15.6 

1.08144 

58 

3.9464 

118 

8.0288 

178 

12.111 

! 238 

16.194 

298 

20.276 

3.80 

0.25856 

15.8 

1.07505 

59 

4.0144 

119 

8.0969 

179 

12.179 

239 

16.262 

299 

20.344 

4.00 

0.27216 

16.0 

1.0887 

ho 

4.0825 

120 

8.1649 

180 

12.247 

1 240 

16.330 



4.20 

0.28577 

16.2 

1.1023 

61 

4.1505 

121 

8.2330 

181 

12.315 

241 

16.398 



4.40 

0.29938 

16.4 

1.1159 

62 - 

4.2185 

122 

8.3010 

182 

12.383 

242 

16.466 



4.60 

0.31299 

16.6 

1.1295 

63 

4.2866 

123 

8.3690 

i 183 

12.451 

243 

16.534 



4.80 

0.32660 

16.8 

1.1431 

64 

4.3546 

124 

8.4371 

184 

12.620 

244 

16.602 



5.00 

0.34020 

17.0 

1.1567 

65 

4.4227 

125 

8.5051 

185 

12.688 

245 

16.670 



5.20 

0.35381 

17.2 

1.1703 

66 

4.4907 

126 

8.5732 

186 

12.656 

246 

16.738 



5.40 

0.36742 

17.4 

1.1839 

67 

4.5587 

127 

8.6412 

187 

12.724 

247 

16.806 



5.60 

0.38103 

17.6 

1.1975 

68 

4.6268 

128 

8.7092 

188 

12.792 

248 

16,874 



5.80 

0.39464 

17.8 

1.2111 

69 

^.6948 

129 

8.7773 

189 

12.860 

249 

16.942 



6.0 

0.40825 

18.0 

1.2247 

70 

4.7629 

130 

8.8453 

190 

12.928 

250 

17.010 



6.2 

0.42185 

18,2 

1.2383 

71 

4.8309 

131 

8.9134 

191 

12.996 

251 

17.078 



6.4 

0.43546 

18.4 

1.2520 

72 

4.89891 

132 

8.9814 

192 

: 13.064 

252 

: 17.140 



6.6 

0.44907 

18.6 

1.2656 

73 

4.9670 

133 

9.0494 

193 

13.132 

253 

17.214 



6,8 

0.46268 

18.8 

i 1.2792 

74 

6,0350 

134 

9.1175 

194 

13.200 

254 

17.282 



7.0 

0.47629 

19.0 

• 1.2928 

75 

5.1031 

135 

9.1855 

\m 

1 13.268 

255 

17,350 



7.2 

0.48989 

19.2 

! 1.3064 

76 

5.1711 

136 

9.2536 

196 

i 13.336 

256 

' 17.418 



7.4 

0.50350 

19.4 

: 1-3200 

77 

6.2391 

137 

9.3216 

197 tl 3.404 

257 

17.487 



7.6 

0.51711 

19.6 

. 1.3336 

78 

6.3072 

138 

i 9.3897 

198 ! 13.472 

26 S 17.555 



7.8 

0.53072 

19.8 

11.3472 

79 

6.3752 

139 

9.4577 

ll 99 > 13.540 

0259 

1 i 7 .m 

1 
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ENGLISH UNITS. 


Saturated Steam. Table 13.* 


7. 

8, 

9. 

10, 

11. 

1. 


t 

f hdt 

0 

1 dq 

A dp 

1 d / p\ 

A dp\u/ 

±(£) 
dt \u/ 

Pressure in 
Atmospheres 

V 

1400.000 

-228.145 

33.0486 

11.976 

0.366 

0.5 

135a. 924 

-207.246 

18.6108 

11 .088 

0.604 

1 

1309.199 

-307.150 

10.5725 

10.194 

0.982 

. 2 

1283.320 

-330. SOO 

7.6298 

9.765 

1.295 

3 

1266.215 

-347.093 

6.0680 

9.299 

1.570 

4 

1252.815 

-360.823 

5.0860 

9.014 

1.820 

5 

1242.033 

-371.509 

4.4080 

8.774 

2.048 

6 

1233.084 

-380.666 

3.9086 

8.557 

2.257 

7 

1225.418 

-388.552 

3.5258 

8.409 

2.464 

8 

1218.724 

-395.507 

3.2182 

8.264 

2.657 

9 

1212.812 

-4(31.720 

2.9683 

8.143 

2.843 

10 

1207.518 

-407.32 > 

2.7601 

8.004 

3.010 

11 

1202.741 

-412.441 

2.5839 

7.896 

3.177 

12 

1198.376 

-417.154 

2.4317 

7.794 

3.337 

13 

1194.388 

-421.497 

2.2987 

7.699 

3.490 

14 


pp. 62 and 63 of Vol. II. 









LVIII TECHNICAL THERMODYNAMICS. 

ENGLISH UNITS. 

Auxiliary Table for 


1. 

2. 

3. 

4. 

5. 

6 

Pressure in 
Atmospheres 

V 

1 Atmosphere 
= 2116.3 ft. 

T 

dp 

dt 

Pounds 
per sq. ft. 


r 

A 

r 

AT 

0.5 

638.48 

23.60 

4991.76 

203.044 

1197.016 

1 

671.40 

42.06 

5030.53 

242.336 

1111.588 

2 

708.48 

74.40 

5072.16 

284.524 

1024.675 

3 

732.44 

103.46 

5087.86 

310.731 

973.089 

4 

750.60 

130.46 

5116.80 

330.097 

936.118 

5 

765.40 

156.00 

5131.88 

345.554 1 

907.261 

6 

778.00 

180.40 

5144.51 

358.522 

883.511 

7 

789.01 

203.82 

5155.36 

369.728 

863.356 

8 

798.86 

226.43 

5164.96 

379.628 

845.790 

9 

807.79 

248.42 

5173.43 

388.515 

830.209 

10 

815.96 

269,78 

5181.33 

396.568 

816.244 

11 

823.50 i 

290.60 

5188.44 i 

403.933 

803.585 

12 

830.54 i 

310.93 

5195.01 

410.772 

791.969 

13 

837.14 

330,82 

5201.18 

417.141 

781.235 

14 

843.35 

350.31 

5206.82 

423.092 

1 

771.296 


* For French Units see 


ii 
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ENGLISH UNITS. 


Second Principal Table for Vapor of Water. Table 12c. 


1. 

r. 

2. 

3, 

4. 1 5. 

0. 1 7. 

8. 

9. 

10. 

Press, 
in kg. 
per 

sq. cm. 

Press 
ill lb. 

per 
sq. in. 

Temp. 

Fah- 

renheit 

Heat 

of 

Liquid 

Latent Heat 

Inner Outer 

Values of 

P 

Specific 
VV eight 

1 

t 

Pcdt 

0 

T 

T 

(Abs.) 


t 


p A'pu 

1 





8 5 yo.899l341.557!313.367790.86181.886!3.634 217.5940.273890.493921.0896 

S 0 ’i22.32]'342.437;314.278790.164, 81. 94113. 594 219.8250.276930.495051.0876 

8.7 123. 744343. 310,315. 180789. 47581. 995;3. 556 222.0070.279900.49618 1.0857 

8 8 425.106 344.174316.073 788.79182.049 3.518 224.2390.282950.49729 1.0837 

8.9 !126. 588 345.031 316.900788.11282.102 3.481 226.4170.285930.498391.0818 

9 0 128.011345.882317.840787.43982.156:3.444 228.6450.288970.49948,1.0799 

9 1 il29 433346. 723318. 710780. 77582.206'3. 409 230. 8130. 291950. 500.56;!. 0780 
9 2 :i30. 855347. 558319. 574 780. 11482.258'3. 375 233.0280.294980.501041.0701 

9 ’ 3 1 3-2 . 27 8'348 . 386 320 . 431 785 . 459 82 . 309 , 3 . 340 235 . 179i0 . 29794 0 . 50270 1 . 0743 

9.4 1133 . 700 j349 . 207 321 . 280 784 . 809 82 . 359 , 3 . 306 237 . 376 0 . 30095 0 . 50375 T 0724 

9 5 135 122I350.022 322.124 784.105 82.408 3.273 239.01910.304030.50479 1.0706 
9 6 il30. 04,51350.829 322. 960783. 52782. 456 3.241 241.7910.307020.60582 1.0088 
o'l 137.907 351. 030323. 788782. 89382. 505 3.210 243.8850.309920.506841.0070 
o'h :130'.389'352. 425324. 012 782. 26482. 554 3.178 240. 1400. 31.302!o. 50786 1.0053 

9.9 Il40.812j353.212 325.427 781.401 82.602j3.148 248.3290. 31604j0. 50880 1.0635 

10 00 142 234353.995 320.237 781. 02282. 049;3. 119 250.4250. ,318940. 50980 1.0618 
l()‘->5 il45.7!Hl3.55.923 328.235 779.497 82. 76413.047 255.8.500.320440.61231 1.0570 

10.50 ;i49.340.3.57.814 330.190 778.001 82.870 2.978 201.260 0.333950.514721.0534 
10.75 '152.902 359. 072 332. 123 776. 531 82. 985 2.912 266.0630.341440.51707 1.0494 

11 00 166.457 301.495 334.013 770.089 83.093 2.850 271.9930.348880.619381.0454 
ll’->5 100.013 363.288 336. 875|773. 671 83.198 2.790 277.2020.356250.521041.0415 
ll’Ho 103.609306.049337.702772.27983.299 2.733 282.6030.30372 0.523801.0378 
1 i!75 167.125'360.780 339.600770.909 83.399 2.078 287. 8380. .371070. 52604 1.0340 

12 00 170. 681I368. 673 341.209769. 501 83. 497 2.625 293.121 0.378500.528181.0304 
12’20 174 237370.169 343.010768.23083.692 2.574 298.4430.385980.630281.0208 

12 .50 177 793 371.808 344.723766.93183.087 2.620 303.6030.393270.632341.0234 
12!75 181.348‘373.433 340.414766.64083.777 2.480 308.7730.400590.63437 1.0199 

13 00 184.904^375.031348.077 764.383 83.860 2.436 313.9420.407920.636371.0100 
13’.25 188. 46o'370. 008 349. 717 763. 13583. 964 2.390 319.3110.416520.638331.0133 

13.50 192.010 378. 160 351.331 761.90884.040 2.348 324.4520.422840.64026 1.0100 
13!75 195. 572!379. 092 352.926 760.69084.123 2.308 329.6600.430120.642161.0008 

14 00 199.128381.202364.499 769.50184.206 2.269 334.0100.437360.644041.0037 
14'26 202.684382.090 356.051 758.322'84.287 2.231 339.8480.444830.645881.0000 
U'SO 206.239i384. 169 357.581 767. 161184.360 2.196 346. 024 0.45224 0.64770 0.9976 
14‘.75 209.796'385.608 369.091 760.O16i84.443 2.169 360.1240.469670.64949 0.9946 

1 5 00 213 351:387.032 300.683764.884^84.619 2.120 363.1330.460780.55126 0.9917 
lo’w) !227,.574392.570 300.359 750.60584.812 2.001 376.2320.49686|0. 66806 0.9804 
I 7 (K) 241 798'397.808 371 .997 746.318 85.082 1.886 396.7080.626490.604620.9697 
is'oo I256‘o2f402.920 .377.179 742.31886.334 1.789 414.9800.653440.67068 0.9698 
Io'm I270'‘>45 407.7,50 382.230 738.602 86.572 1.700 434.5730.682360.67062 0.9603 
eo'oo ‘>84'468412.412 387.117 734.81485.7951 1.618 !463.9740.011440.68214 0.9413 
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technical thermodynamics. 




4 0 I 56.8936289.076259.384832.37278.3527.39ni2.C220.13500O.42421i.2ir.8 
4 1 58 3159 290. 673 261. 018831. 110 78. 467 7. 221 115. 095 0.13817|0.42(i39 1.2127 

4’2 59.7383 292.237 262.622829.87278.579 7.059117.557 0.14133 0.42853 1.2086 

4 8 6 1 . 1 606 1293 . 772 264 . 195 828 . 659 78 . 687 6 . 906 1 19 . 999 0 . 14447 0 . 4.3062 1 . 204 7 
4^4 62 . 5830295 . 279 265 . 739 827 . 467 78 . 793 6 . 767 122 . 469 0. 14764 0 . 4.3267 i . 2(K)9 

4 ti 64 0053^296. 758267. 255826. 29578. 9016. 616124. 901 0.150780. 434671. 1971 
4'6 65. 4276'298. 211 268. 745 825. 147 79. 002 6. 481 127. 317 0.15391 0.43664 1.1934 

4 7 66.850o' 299. 640270.211 824. 017 79 . 103 6.350 129. 773 0. 15708 0.4.38.58 i . mog 

4' 8 68.2723^301 .044 271 .652 822 . 906 79 . 200 6.226 132. 165 0. 16019 0.44047 1 . ih 63 
4!9 69.69471302.425 273.069 821 .813 79.297 6.106 134.587 0. 16333 0.44233 1 . igog 

5 0 71. 1170-303. 784274. 464 820. 739 79.391 5.991 136.998 0. 16647 0.44416 1 .1794 

5 1 72. 5393305 . 121 275 . 836 819 . 680 79 . 486 5 . 880 139 . 393 0 . 16959 0 . 44.596 1 . n(i i 
5 2 73. 9617;306. 437277. 187 818. 640 79. 5765. 775 141. 765 0. 17268;o. 44773 1. i72i> 
5 ’ 3 75 . 3840 307 . 733 278 . 519 817 . 616 79 . 662 5 . 672 144 . 147 0 . 17579 0 . 44946 J . 1 (197 
5'.4 76.80641309. 0111279.832 816.604 79. 753 5.573 146.532 0. 17891 0.45117 1 . 1065 

5 5 78. 2237'310. 269:281. 124 815.608 79.839 5.477 148.924 0.18204 0.45285 1 . 1034 

5'e 79.6510'311 .508;282. 398 814.630 79. 922 5.385 151 .267 0. 18513 0.4.5451 i . 1604 

5' 7 81 . 0734'3 12 . 730 283 . 655 81 3 . 663 80 . 005 5 . 296 153 . 647 0. 18825 0. 456 1 3 i . ] 574 
s's 82.4957;313. 936284. 893812. 70980. 0875. 211 155.9660.19131 0.4.5774 1 . if, .15 
5'.9 83.9181 315. 126286. 117 811 . 768 80. 168 5. 127 158.3100.19440 0.45932 1 . 15I6 

6 0 85.3404 316.299287.325 810.839 80.248 5.046160 696 0.197.540.46088 1, J488 

6 1 86.7627317.457288.517809.92480.3234.969162.9990.200.500.46241 1,1460 

6.2 88 . 1851 318 . 600 289 . 692 809 . 01 9 80 . 402 4. 894 1 66 . 321 0 . 20366 0 . 46392 1.1432 
6 3 89 . 6074 3 19 . 728 290 . 853 808 . 126 80 . 476 4 . 820 167 . 663 0 . 20676 0 . 46542 1 . 1 405 

6.4 91 . 0298 320 . 841 292 . 000 807 . 248 80 . 548 4 . 749 169 . 967 0 . 20982 0 . 40689 1 . 1 378 

6.5 92.4521 321.942293.134806.377 80.6224.681 172.2820.212000.468.34 1. 1.352 

6.6 93 . 8744 323 . 029 294 . 253 805 . 616 80 . 694 4 . 613 174 . 608 0 . 21599 0.46977 1 1 . 1 326 

6.7 95.2968 324. 102295 .358 804.667 80. 766 4.649 176.880 0.21902 0’.471 IHh . i.3()l 

6.8 96 .7191 325 . 164 296 . 453 803 . 828 80 . 836 4 . 485 179 . 220 0 . 22214 0 . 47258 1 . 1 276 

6.9 98.1415326.214297.533802.99680.9064.424 181.4980.225100.47395 1.12.51 

7.0 99.5638 327 '.250 298 . 602 802. 177 80.973 4.365 183.775 0.2282.3 0.475.31 1 . 1227 

7.1 100.9861 328.276299 .660801.36581 .0384.307 186.047 0.23128 0.47600 1 . 120.3 

7.2 102.4085,329 .290300.704800.564 81 . 104 4.250 188.3820.23440 0.47798 1.1179 

7.3 103.8308 330 .292 301 .739 799.771 81 . 169 4. 195 190.638 0.23743 0.47929 1.1155 

7. 4 105.2632 331 . 286 302 . 764 798 . 984 81 . 234 4 . 142 192. 881 0 . 24045 0. 48059 1 . 1 1 .32 

7.5 106.6755332.267303.776798.20881.2994.089 196.186 0.24365 0.48187 1.1110 

7.6 108.0978 333.239 304.778797.44081.3604.040197.394 0.24662 0.483141.1087 

7.7 109 . 5202 334 . 200 307 . 770 796 . 680 81 . 421 3 . 990 199 . 661 0.24968 0. 48439 1.1065 

7.8 1 10 . 9426 335 . 152 306 . 752 796 . 926 81 . 482 3 . 942 201 . 903 0 . 26261 0 . 48662 1.1043 

7.9 112. 3649 336 . 094 307 . 724 795 . 182 81 . 542 3 . 894 204 . 203 0 . 26571 0.48686 1.1021 

8.0 113. 7872 337.026 308 . 687 794. 444 81 . 601 3 . 849 206 . 392 0 . 25868 0. 48806 1.1000 

8.1 115. 20951337. 950]309. 641 793. 714181.669 3. 804 208. 632 0.261 72 0.48925 1.0970 

8.2 116. 6319,338. 864|310. 586 792. 990, 81. 716 3. 760 210.929 0.264830.49044 1.0958 

8.3 118. 0542 339. 769;311. 521 792.274 81. 7743. 718 213. 099 0. 26778 0.4916i!i. 0937 

8.4 1 19.4766 340 . 668,312 . 449 791 . 564,81 . 830 3. 676 216.321 0.27080 0.49277 1 .0917 
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LV 


ENGLISH UNITS. 


Second Principal Table for Vapor of Water. Table 12a. 


1. 

V. 

2. 

3. 

4. 1 5. 

6. 1 7. 

8. 

9. 

10. 

Press . 1 
in kg. 
per 

8(1- crn. 

Press, 
in lb. 

per 
sq. in. 

Temp. 

Fah- 

renheit 

Heat 

of 

liquid 

Latent Heat 

Inner Outer 

Values of 

p 

Specific 

Weight 

1 


T 

T 

(Ah.s.) 


t 


p Afu 

ti — 

1 




0 1 1 42231U. 042 82.168970.82563.731240.469 4.038 0.00416 0.164631.8041 

o'2 2 8447139.659107.802950.64166.062124.633 7.628 0.00802 0.198361.6976 

o’s 4 2670165.736124.081937.84567.513 84.912 11.045 0.01177 0.225181.6344 
0 4 5 6894167.841136.278 928.27168.582 64.693 14.349 0.01545 0.244821.5893 

o'.O 7.1117177.618146.140920.53669.437 62.399 17.568 0.01908 0.260421.5641 

0 6 8^.5340185.871154.472914.00870.150 44.115 20.719 0.02266 0.273411.5252 

0 7 9.9564193.044161.719908.334 70.765 38.145 23.813 0.02621 0.284581.6007 

o’8 11.3787199.405168.169903.30371.287 33.623 26.866 0.02973 0.294391.4793 
o!9 12.8011 205.137 173.950898.709 71.788 30.097 29.863 0.03321 0.303161.4605 

1 0 14.2234 210.358179.237 894.638 72.225 27.252 32.828 0.03667 0.311081.4436 
I’l 15.6467 216.164184.106 890.836 72.623 24.912 35.760 0.040120.318331.4283 
l’2 17 0681 219.623 188.620 887.310 72.990 22.961 38.661 0.04364 0.325001.4142 
I's 18.4904223.786192.848 884.018 73.328 21.284 41.536 0.04696 0.331201.4013 

1.4 19.9128227.691196.810880.929 73.647 19.848 44.383 0.05034 0.336991.3893 

1 5 21.3351231.373200.649 878.015 73.946 18.601 47.204 0.06371 0.34241 1.3781 
1 6 22.7574234.858204.088875.25974.225 17.505 60.001 0.05707 0.34762 1.3676 

1.7 24. 1798238. 170207. 454872. 64074.488 16.533 62.783 0.06042 0.362361.3678 

1 8 25. 6021241. 322210. 658870. 14774. 738 15.666 55.644 0.06376 0.356941.3484 
lio 27.0245244.339213.727867.76074.977 14.889 68.281 0.06709 0.301311.3394 

2 0 28.4468247.226216.664866.47876.204 14.188 61.003 0.07041 0.365481.3312 
2’l 29.8691249.996219.483 863.285 76.420 13.562 63.704 0.07370 0.369481.3232 
2’2 31.2915262 662222.197861.170 76.647 12.978 66.366 0.07696 0.373281.3156 
2'3 32.7138265 231 224. 816859. 14575.825 12.440 69.064 0.08028 0.376961.3083 
2A 34.1362267. 711228. 342857. 18376.016 11.961 71.723 0.083660.380481.3013 

2.5 35.6585 260.107229.784 865.288 76.199 11.601 74.365 0.08683 0.383881.2946 
2 6 36. 9808262. 427232. 150853. 46276. 379 11.086 76.993 0.09008 0.387161.2882 

2.7 38.4032264.676234.443 851.674 76.660 10.697 79.6170.093340.390331.2819 

2 8 39.8255266.867236.669849.94776.714 10.338 82.2140.096680.393401.2759 
2.9 41.2479 268.976238.831848.272 76.874 10.002 84.8110.09982 0.396381.2701 

3.0 42.6702271.036240.936846.643 77.027 9.688 87.392 0.10306 0.399261.2646 

3.1 44.0926273.043242.986846.066 77.177 9.393 89.966 0.10628 0.402061.2691 

3 2 45.5149274.998244.984843.60977.323 9.118 92.5140.10948 0.404791.2639 

3.3 46.9372276.903246.929842.002 77.463 8.867 95.071 0.11270,0.407431.2488 

3.4 48. 3696 278. 762 248. 830 840. 632 77. 600 8.610 97.6060.11690,0.41001 1.2438 

3.5 49.7819280.578260.688839.09677.733 8.381 100.121 0.119090.41262 1.2390 

3.6 61.2042 282.363262.602837.69177.913 8.161 102.641 0.12227 0.41497 1.2343 

3.7 62.6266284.088264.277836.31877.992 7. 963 105. 156 0. 12648|0.41737 1.2298 

3.8 64.0489 285.786266.014 834.976 78.116 7.766 107.664 0.12866,0.41970 1.2263 

3.9 65.4713287.447257.716 833.66178.235 7.669 110. 146 0. 13184i0.42198 1.2210 

The formulM underlying these tabular values are given at bottom o£ the corre- 
sponding metric table 12a, page XXVIL 
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TECHNICAL THERMODYNAMICS. 


ENGLISH UNITS. 

First Principal Table for Vapor of Water. Table 11c. 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Pressures 

Tem- 


Latent Heat 

Values of 


perature 

Heat of 





Specific 

in Atmos- 
pheres 

Fahren- 

heit 

Liquid 

Inner 

Outer 


P 

Weight 
lb. per 

V 

t 


P 

Apu 

u 

u 

cu. ft. 

1 atm.= 
14.6967 lb . 






r 


per sq. in. 








6.5 

324.27 

295.526 

804.537 

80.777 

4.538 

177.31 

0.21961 

6.6 

325.36 

296.658 

803.669 

80.849 

4.472 

179.69 

0.22278 

6.7 

326.44 

297.770 

802.814 

80.921 

4.410 

182.06 

0.22594 

6.8 

327.52 

298.885 1 

801.961 

80.989 

4.349 

184.43 

0.22910 

6.9 

328.57 

299.961 

801.135 

81.058 

4.290 

186.79 

0.23227 

7.00 

329.61 

301.037 

800.309 

81.126 

4.232 

189.12 

0.23542 

7.25 

332.19 

303.692 

798.273 

81.292 

4.094 

194.99 

0.24330 

7.50 

334.67 

306.256 

796.307 

81.450 

3.965 

200.82 

0.25117 

7.75 

337.10 

308.763 

794.385 

81,607 

3.845 

206.62 

0.25901 

8.00 

339.46 

311.198 

792.520 

81.756 

3.731 

212.39 

0.26685 

8.25 

341.78 

313.598 

790.684 

81.902 

3.625 

218.14 

0.27466 

8.50 

344.03 

315.925 

788.904 

82.040 

3.524 

223.86 

0.28247 

8.75 

346.23 

318.195 

787.167 

82.177 

3.430 

229.55 

0.29026 

9.00 

348.39 

320.431 

785.459 

82.309 

3.340 

235.23 

0.29804 

9.25 

350.49 

322.610 

783.792 

! 82.436 

3.253 

240.87 

0.30580 

9.50 

352.54 

324.734 

782.170 

82.562 

3.173 

246.49 

0.31355 

9.75 

; 354.58 

326.842 

780.561 

82.683 

3.096 j 

252.08 

0.32129 

10.00 

356.56 

328.894 

778.995 

82.802 

3.023 

257.67 

0.32902 

10.25 

1 358.48 

330.890 

777.470 

82.915 

2.954 

263.23 

0.33674 

10.50 

360.39 

332:869 

775.962 

83.029 

2.886 

268.76 

0.34444 

10.75 

' 362.26 

334.809 

774.481 

83.140 

2.824 

274.26 

0.35212 

11.00 

364.10 

336.717 

773.028 

83.245 

2.763 

279.75 

0.35980 

11.25 

365.92 

338.639 

771.590 

83.351 

2.706 

285.22 

0.36747 

11.50 

367.68 

340.436 

770.195 

83.452 

2.650 

290.68 

0.37514 

11.75 

369.43 

342.250 

768.814 

83.551 

2.597 

296.12 

0.38279 

12.00 

371.14 

344.027 

767.462 

83.648 

2.545 

301.54 

0.39045 

12.25 

372.83 

345.787 

766. 123 

83.743 

2.496 

306.93 

0,39807 

12.50 

374.49 

347.508 

764.813 

83.837 

2.449 

312.31 

0.40569 

12.75 

376.12 

349.213 

763.519 

83.927 

2.403 

317.68 

0.41330 

13.00 

377.74 

350.899 

762.237 

84.017 

2.360 

323.01 

0.42091 

13.25 

379.33 

352.548 

760.984 

84.103 

2.318 

328.35 

0.42851 

13.50 

380.89 

354.179 

759.744 

84.190 

2.276 

333.66 

0.43610 

13.75 

382.44 

355.720 

758.5201 

84.272 

2.238 

338.97 

0.44368 

14.00 

383.75 

357.367 

757.325 

84.355 

2.199 

344.24 

0.45125 




APPENDIX. 


LIIl 


ENGLISH UNITS. 

First Principal Table for Vapor of Water. Table lib. 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Pressure 
in Atmos- 
pheres 

Tem- 

perature 

Heat of 

Latent Heat 

Yalues of 

Specific 
W eight 

Fahren- 

heit 

Liquid 

Inner 

Outer 


P 

lb. per 
cu. ft. 

V 

t 

9 

P 

Apu 

u 

a 

r 

1 atm. = 
14.6907 lb. 








per sq. in. 








3.0 

273.04 

>242.980 

845.059 

77,177 

9.395 

89.950 

0.10626 

3.1 

275.06 

245.039 

843.464 

77.328 

9.108 

92.606 

0.10959 

3,2 

277.02 

247 .045 

841.912 

77.472 

8.840 

95.233 

0.11292 

3.3 

278.94 

^49.014 

840.389 

77.614 

8.589 

97.845 

0.11622 

3.4 

280.81 

250.927 

838.908 

77.753 

8.350 

100.463 

0.11953 

3.5 

282.63 

252.788 

837.470 

77.884 

8.125 

103.079 

0.12283 

3.6 

284.41 

254.610 

836.060 

78.016 

7.913 

105.66 

0.12612 

3.7 

286.18 

256.415 

834.665 

78.143 

7.712 

108.24 

0.12940 

3.8 

287.87 

258.149 

S33.326 

78.264 

7.521 

110.81 

0.13268 

3.9 

289.54 

‘259.862 

832.003 

78.386 

7.338 

113.37 

0.13596 

4.0 

291.20 

261.558 

830.693 

78.505 

7.167 

115.92 

0.13923 

4.1 

292.80 

263.200 

829,426 

78.619 

7.002 

118.46 

0.14249 

4.2 

294.37 

264.805 

828.187 

78.730 

6.845 

120.99 

0.14576 

4.3 

295.90 

266.373 

826.976 

78.838 

6.694 

123.53 

0.14902 

4.4 1 

297.43 

267.943 

825.766 

78.946 

6.552 

126.04 

0.15226 

4.5 

298.92 

269.474 

824.585 

79.052 

6.414 

128.55 

0.15551 

4.6 

300.38 

270.970 

823.432 

79.155 

5.283 

131.05 

0.15875 

4.7 

301.82 

272.448 

822.292 

79.254 

6.158 

133.55 

0.16199 

4.8 

303.24 

273.908 

821.167 

79.353 

6.036 

136. C3 

0.16522 

4.9 

304.63 

275.330 

820.071 

79.450 

5.921 

138.52 

0.16846 

5.0 

306.00 

276.734 

818.989 

79.546 

5.808 

140.99 

0.17168 

5.1 

307.35 

278.122 

817.922 

79.637 

5.701 

143.45 

0 . 17490 

5.2 

308.66 

279.472 

816.881 

79.727 

5.599 

145.91 

0.17812 

5.3 ' 

309.97 

280.822 

815.843 

79.817 

5,499 

148.36 

0.18134 

5.4 i 

311.25 

282.134 

814.831 

79.906 

5.403 

150.81 

0.18454 

5.5 

312.53 

283.448 

813.821 

79.994 

5.310 

153.25 

0.18774 

5.6 

313.77 

284.726 

812.839 

80.077 

5.221 

155.67 

0.19094 

5.7 

315.00 

285.984 

811.870 

80.159 

5.134 

158.10 

0.19414 

5.8 

316.22 

287.242 

810.902 

80.242 

5.051 

160.52 

0.19734 

5.9 

317.41 

288.466 

809 .962 

80.321 

4.971 

162.93 

0.20053 

6.0 

318.60 

289.688 

809.023 

80.401 

4.892 

165.35 

0.20373 

6.1 

319.77 

290.893 

808.097 

80.478 

4.817 

167.75 

0.20690 

6.2 

320.90 

292.059 

807.199 

80.555 

4.744 

170.15 

0.21008 

6.3 

322.05 

293.247 

806.288 

80.629 

4.671 

172.54 

0.21326 

6.4 

323.17 

294.395 

805.406 

80.705 

4.604 

174.93 

0.21644 
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APPENDIX. LI 

ENGLISH UNITS. 


Carbonic Acid. Table 10. 
A m a g a t and M o 1 1 i e r. 


10. 

11. 

12. 

1 

13. 

14. 

15. 

16. 

17. 

Heat 

Latent Heat 


Entropy 


of 

Liquid 

t 

Total 

Outer 

Inner 

r 

Liquid 

Vapor 

Steam 

Heat 

q — J Tdr 

r 

Apu 

P 

T 

r 

r 

J =p+q 

0 








-24.80 

126.72 

16.47 

110.25 

0.290 

-0.053 

0.236 

85.45 

-21.06 

123.25 

16.25 

107.00 

0.276 

-0.045 

0.231 

85 94 

-17.19 

119.43 

15.97 

103.46 

0.262 

-0.036 

0.226 

86.27 

-13.18 

115.25 

15.61 

99.64 

0.248 

-0.028 

0.221 

86.46 

- 9.00 

110.65 

15.16 

95.49 

0.234 

-0.019 

0.215 

86.49 

- 4.63 

105 . 53 

14.62 

; 90.91 

0. 19 

-0.010 

0.209 

86.28 

0.00 

99.81 

13.97 

85.84 

0.203 

0.000 

0.203 

85.84 

4- 4.93 

93.35 

13.21 

80,14 

0.187 

+ 0.010 

0.197 

85.07 

+ 10.28 

85.93 

12.28 

73.65 

0.169 

+ 0.021 

0.189 

83.93 

+ 16.22 

77.20 

11.14 

66.06 

0.149 

+ 0.032 

0.181 

82.28 

+ 23.08 

66.47 

9.67 

56.80 

0,126 

+ 0.045 

0.171 

79.88 

+ 31.63 

52.16 

7.67 

44.49 

0.097 

+ 0.061 

0.159 

76.12 

+ 45.45 

27.00 

4.00 

23.00 

0.050 

+ 0.087 

0.136 

68.45 

+ 51.61 

15.12 

2.25 

12.87 

0.028 

+ 0.098 

0.126 

64.48 

+ 59.24 

0.00 

0.00 

1 

0.00 ' 

j 

0.000 

+ 0.112 

1 

0.112 

1 

59.24 


TECHNICAL THERMODYNAMICS. 
ENGLISH UNITS. 


Steam Pressure 
Temperature p 


Fahren- ^b- 
heit solute AtmoS' 

t f pheres 


p0j* 

pheres gq. in. 


— 22 I 
-13 

- 4 
+ 5 
+ 14 
+ 23 
+ 32 
+ 41 
+ 50 
+ 59 
+ 68 
+ 77 
+ 86 

+ 87.8 
+ 88.43 


437.4 

446.4 

455.4 

464.4 

473.4 

482.4 

491.4 

500.4 

509.4 

518.4 

527.4 

536.4 

545.4 
547.2 
547.83 


Saturated Vapor of 

According to 


5. 

1 

dp 

pdt 

6. 

Pounds 
per 
sq. in. 
dp 
dt 

7. 1 8. 

Specific 

Volume 

Vapor Liquid 

s <y 

9. 

1 U—S—<7 

56.88 

3.77 

0.432 

0.0155 

! 0.416 

58.90 

4.23 

0.367 

0.0157 

0.351 

60.86 

4.75 

0.312 

0.0160 

0.296 

62.86 

5.32 

0.267 

0.0163 

0.251 

64.84 

5.94 

0.228 

0.0167 

0.211 

66.83 

6.61 

0.195 

0.0171 

0.178 

68.81 

7.33 

0.167 

0.0176 

0.149 

70.81 

8.10 

0.143 

0.0181- 

0.125 

72.79 

8.93 

0.120 

0.0187 

0.101 

74.79 

9.82 

0.101 

0.0197 

0.081 

76.77 

10.77 

0.083 

0.0210 

0.062 

78.77 

11.81 

0.067 

0.0227 

0.044 

80.75 

12.88 

0.048 

0.0268 

0.021 

81.14 

13.09 

0.042 

0.0298 

0.012 

81.29 

13.19 

0.035 

0.0346 

0.000 
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XL VIII 


technical thermodynamics. 

ENGLISH UNITS. 

Saturated Vapor of 


1. 

Temper- 

ature 

F aliren- 
heit 
t 

o p 

2. 1 
Steam I 

Atmos- 

pheres 

3. 

Pressure 

Pounds 
per 
sq. in. 

P 

4- 

dp 

pdt 

5. 

u (it 

6. 

Heat of 
Liquid 

7. 1 

Laten 

Outer 

Apu 

8. 

,t Heat 

Inner 

P 

—22 

0.379 

5.564 

0.029803 

13.516 

-16.675 

13.178 

159.419 

-13 

0.492 

7.228 

0.028344 

17.041 

-13.957 

13.554 

158.39('> 

- 4 

0.631 

9.272 

0.026999 

21 . 242 

-11.216 

13.889 

157. Ill 

+ 5 

0.800 

11.756 

0.025758 

26.141 

- 8.449 

14.182 

155.. 503 

+ 14 

1.003 

14.745 

0.024608 

32.007 

- 5.657 

14.434 

153.753 

+ 23 

1.246 

18.311 

0.023541 

38.747 

- 2. 842 

14.045 

151.080 

+ 32 

1.533 

22.530 

0.022546 

46.510 

0.000 

14.814 

149.340 

+ 41 

1.870 

27.483 

0.021117 

55.391 

+ 2.806 

14.942 

146.748 

+ 50 

2.263 

33.253 

0.020748 

65.485 

+ 5.758 

15.028 

143 , 889 

+ 59 

2.717 

39.931 

0.019932 

76.882 

+ 8.674 

15.073 

140.707 

+ 68 

3.239 

47.611 

0.019164 

89.662 

+ 11.615 

15.077 

137.383 

+ 77 

3.837 

56.386 

0.018440 

103.924 

+ 14.582 

15.057 

133.718 

+ 86 

4.515 

66.359 

0.017756 

119.740 

+ 17.572 

14.960 

129.827 

+ 95 

5.283 

77.630 

0.017108 

137.192 

+ 20.588 

14.839 

125.650 

+ 104 

6.145 

90.300 

0.016493 

156.358 

+ 23.629 

14.677 

121.223 


APPENDIX. 


XLVll 


ENGLISH UNITS. 

of Ammonia. Table 8. 


7. 

1 8. 

1 

10. 

11. 

1. 

Total 

r 

Latent Heat 

Outer 

Apu 

Inner 

P 

r 

T 

t 

Pcdt 

0 

Temper- 

ature 

Fahren- 

heit 

t 


investigations of the preceding edition, 
below 32^ F. 


593.8 

50.31 

543.6 

590.4 

51.07 

539.3 

586.4 

51.79 

534.8 

582.1 

52.47 

529.7 

577.4 

53.15 

524.3 

572.4 

53.80 

518.6 

results of L. ! 

D i e t e r i c i , 


above 32^ : 

F. 


557.5 

53.57 

503.8 

548.6 

‘ 53.87 

494.6 

537.5 

54.02 

483.5 

526.7 

54.13 

472.5 

515.9 

54.25 

461.7 

503.8 

54.22 

449.6 

490.5 

54.05 

436.5 

474.8 

53.64 

421.2 

461.9 

53.44 

408.4 


1.3576 

-0.1029 

-22 

1.3225 

-0.0870 

-13 

1.2879 

-0.0706 

- 4 

1.2536 

-0.0536 

5 

1.2198 

-0.0362 

14 

1.1864 

-0.0183 

23 

1.1344 

0.0000 

1 

32 

1.0943 

1 

+0.0203 

41 

1.0544 

+0.0405 

50 

1.0132 

+0.0660 

59 

0.9741 

+0.0804 

68 

0.9359 

+0.1001 

77 

0.8984 

+0.1196 

86 

0.8636 

+0.1391 

95 

0.8252 ; 

+0.1583 

104 


XLVI 


TECHNICAL THERMODYNAMICS. 


ENGLISH UNITS. 

Saturate 


1. 

2. 

3. 

4. 

5. 

Temper- 

ature 

Vapor Pressure 


Specific 

Volume 

Fahren- 

heit 

Atmospheres 

Pounds 
per SQ. in. 

dp 

of the Vapor 

t 

1 Atmosphere 
==1.0333 kg/cms 

P 

pdt 

s 


According t r j 
For temperat II 


~22 

1.153 

16.912 

0.026981 

15.956 

-13 

1.463 

■ 21.456 

0.025915 

12.767 

- 4 

1.839 

27.030 

0.024891 

10.306 

5 

2,291 

33.667 

0.023907 

8.390 

14 

2.828 

41.571 

0.022962 

6.888 

23 

3.464 

50.904 

0.022055 

5.699 


According to the 

For temperatit 


32 

4.207 

61.836 

0.021183 

4.709 

41 

5.072 

74.539 

0.020346 

3.933 

50 

6.069 

89.195 

0.019542 

3.300 

59 

7.214 

105.974 

0.018769 

2.787 

68 

8.509 

125.056 

0.018028 

2.371 

77 

9.976 

146.612 

0.017316 

2.026 

86 

11.622 

170.807 

0.016631 

1.738 

95 

13.458 

197.796 

0.015974 

1.493 

104 

16.495 

227.727 

0.015343 

1.296 


APPENDIX. 


XLV 


ENGLISH UNITS. 


Bisulphide of Carbon. Table 7a. 


6. 

m 

pdt 

7. 

u at 

8. 

IL-L.^a 

u \u ^ 

9. 

r ^ 

1. 

Temperature 

Fahrenheit 

t 

12.477 

5.751 

5.290 

0.08015 

32 

11.950 1 

8.545 1 

7.830 

0.08368 

50 

11.467 

12.315 

11.241 

0.08721 

68 

11.024 1 

17.265 

15.698 

0.09071 

86 

10.614 

23.618 

21.393 

0.09421 

104 

10.233 

31.607 

28.520 

0.09772 

122 

9.877 

41 . 444 

37.249 

0.10124 

140 

9.543 

53.368 

47.777 

0.10478 

158 

9.226 

67.571 

60.248 

0.10838 

176 

8.926 

84.243 

74.807 

0.11202 

194 

8.641 

103.531 

91.550 

0.11573 

212 

8.367 

125.546 

110.542 

0.11951 

230 

8.104 

150.351 

131.799 

0.32339 

248 

7.851 

177.992 

155.321 

0.12737 

266 

7.607 

208.428 

181.029 

0.13146 

284 

7.371 

241.581 

208.805 

0.13567 

302 


Bisulphide of Carbon. Table 7b. 


5. 


6. 


• 7. 


8. 

1. 

Outer 

Latent 

Heat 

Differ- 

ences 

Steam 

Heat 

Differ- 

ences 

Inner 

Latent 

Heat 

Differ- 

ences 

Values 

of 

r 

U=^-j - 

Temper- 

ature 

Fahren- 

heit 

A'pu == 4>r 


J = A— Apw 


p=r-^Apu 


ii) 

t 







(7=0.013 


12.983 

0.431 

0.403 

0.369 

0.336 

0.308 

149.02 

2.13 

2.00 

1.88 

1.77 

1.66 

149.02 

2.12 

2.28 

2.42 

2.57 

2.70 

28 . 172 

32 

13.414 

151.15 

146.90 

18.762 

50 

13.817 

153.15 

144.62 

12.866 

68 

14.186 

155.03 

142.20 

9.058 

86 

14.522 

156.80 

139.63 

6.526 

, 104 

14.830 

0.272 

0.239 

0.207 

0.173 

0.141 

158.46 

1.54 

1.42 

1.30 

1.20 

1.08 

136.93 

2.87 

2.99 

3.16 

3.28 

3.44 

4.801 

122 

15.102 

160.00 

134.06 

3.599 

140 

15.341 

161.42 

131.07 

2.742 

158 

15.548 

162.72 

127.91 

2.123 

176 

15.721 

163.92 

124.63 

1.666 

194 

15.862 

0.102 

0.067 

0.029 

-0.009 

165.00 

0.97 

0.84 

0.75 

0.64 

121.19 

3.57 

3.73 

3.86 

3.98 

1.323 

212 

15.964 

165.97 

117.62 

1.064 

230 

16.031 

166.81 

113.89 

0.863 

248 

16.060 

16.051 

167.56 

168.20 

110.03 

106.05 

0.708 

0.586 

266 

284 

-0.056 


0.52 


4.15 



15.995 


168.72 


101.90 


1 0.489 

302 



XLIV 


TECHNICAL THERMODYNAMICS. 


ENGLISH UNITS, 

Saturated Vapor of 


1. . 

Temperature 

Fahrenheit 

t 

2. 

Absolute 

Temperature 

T 

3. 

Steam Pressure 
in Inches 
of Mercury 

V 

(Regnault) 

4. 

Differential 
Coefficient 
in Inches 
of Mercury 
dp 
dt 

5. 

dp 

pdt 

32 

491.4 

5.036 

0.12787 

0.025391 

50 

509.4 

7.813 

0.18329 

0.023459 

68 

527.4 

11.733 

1 0.25512 

0.021743 

86 

545.4 

17.111 

0.34587 

0.020213 

104 

563.4 

24.312 

0.45803% 

0.018839 

122 

581.4 

33.743 

0.59398 

0.017601 

140 

59“9.4 

45.847 

0.75547 

0.016478 

158 

617.4 

61 . 106 

0.94446 

0.015456 

176 

635.4 

80.021 

1.16194 

0.014521 

194 

653.4 

103.113 

1.40870 

0.013662 

212 

671.4 

130.911 

1.68485 

0.012870 

230 

689.4 

163.939 

1 . 98976 

0.012137 

248 

707.4 

202.708 

2.32224 

0.011456 

266 

725.4 

247.700 

2.68095 

0.010823 

284 

743.4 

' 299.368 

3.06336 ^ 

0.010233 

302 

761.4 

358.107 

3.46673 

0.009681 


Saturated Vapor of 


1. 

Tempera- 

ture 

2. 


3. 


4. 


Total 

Differ- 

Heat of 

Differ- 

Latent 

Differ- 

Fahren- 

Heat 

' ences 

Liquid 

pt 

ences 

Heat 

ences » 

heit 






t 

k 


«= jo 





(Regnault) 

i 

(Regnault) 




32 

50 

68 

86 

104 

162.00 

164.56 

166.97 

169.22 

171,32 

2.56- 

2.41 

2.25 

2.10 

0.00 

4.25 

8.53 

12.83 

17.17 

4.25 

4.28 

4.30 

4.34 

162.00 

160.31 

158.44 

156.39 

154.15 

1.69 

1.87 

2.05 

2 . 24 



1.97 


4.36 


2.39 

122 

140 

158 

173.29 

175.10 

176.76 

1.81 

1.66 

1.51 

1.37 

21.53 

25.94 

30.35 

4.41 

4.41 

4.46 

4.48 

151.76 

149.16 

146.41 

2.60 

2.75 

2.95 

3.11 

176 

178.27 

34.81 

143.46 

194 

179.64 

39.29 

140.35 



1.22 


4.52 


3.30 

212 

230 

248 

266 ' 
284 

180.86 

181.93 

182.84 

183.62 

184.25 

1.07 

0.91 

0.78 

0.63 

43.81 

48.35 

52.92 

57.53 

62.15 

4.54 

4.57 

4.61 

4.62 

137.05 

133.58 

129.92 

126.09 

122.10 

3.47 

3.66 

3.83 

3.99 



0,47 


4.67 

i 

4.20 

302 

184.72 


66.82 


117.90 i 



APPENDIX. 


XLllI 


ENGLISH UNITS, 
Chloride of Carbon. Table 6a. 


6. 

pdt 

7. 

-=AT^ 

u at 

8. 

JL^ Ap 

u u ^ 

9. 

Apu__, 
r ^ 

1. 

Temperature 

Fahrenheit 

t 

15.107 

1.793 

1.674 

0.06619 

32 

14.350 

2.895 

* 2.694 

0.06968 

50 

13.646 

4.475 

4.147 ‘ 

0.07328 

68 

12.993 

6.660 

6.148 

0.07696 

86 

12.390 

9.590 

8.816 

0.08071 

104 

11.834 ^ 

13.405 

12.272 

0.08450 

122 

11.322 

18.254 

16-642 

0.08832 

140 

10.855 

24.296' 

22.057 

0.09212 

158 

10.427 

31.684 

28.647 

0.09590 

176 

10.038 

40.593 

36.549 

0.09962 

194 

9.685 ‘ 

51.196 

45.909 

0.10325 

212 

9.365 I 

63.690 

56.888 

0.10678 

230 

9.076 * 

78.281 

69.657 

0.11018 

248 

8.816 

95.201 

84.402 

0.11343 

266 

8.584 , 

114.720 

101.355 

0.11650 

284 

8.376 

137.114 

120.707 

0.11939 

302 

8.191 

162.719 

142.854 

0.12208 

! 320 


Chloride of Carbon. Table 6b. 


5. 


6. 


7. 


8. 

1. 

Outer 

Latent 

Heat 

Differ- 
ences ^ 

Steam 

Heat 

Differ- 

ences 

Inner 

Latent 

Heat 

Differ- 

ences 

Values 

of 

r 

Temper- 

ature 

Fahren- 

heit 

t 

II 


J = X—Apu 


p=r—Apu 


(cr =0.0)69) 


6.196 

6.453 

6.710 

0.257 

0.257 

0.245 

0.240 

0.221 

87.40 

89.74 

92.04 

2.34 

2.30 

2.22 

2.18 

2.12 

87.40 

86.16 

84.86 

1.24 

1.30 

1 .44 
1.48 
1.60 

52.196 

31.990 

20.465 

32 

50 

68 

6.955 

7.195 

94.26 

96.44 

83.42 

81.94 

13.569 

9.295 

86 

104 

7.416 

0.209 

0.185 

0.162 

0.137 

0.106 

98.56 

2.10 
2.05 
2.00 
! 1.97 

1 1.93 

80.34 

1.64 

1.73 

1..82 

1.‘86 

1.94 

6.547 

122 

7.625 

100.66 

78.70 

4.729 

140 

7.810 

102.71 

76.97 

3.489 • 

158 

7.972 

104.71 

75.15 

2.624 

176 

8.109 

106.68 

73.29 

2.006 

194 

8.215 

0.076 

0.041 

0.004 

0.031 

0.066 

108 .*61 

1.92 

1.87 

1.84 

1.84 

1.81 

71.35 

1.99 

2.07 

2.14 

2.15 
2.22 

1.554 

212 

8.291 

110.53 

69.36 

1.219 

230 

8.332 

112.40 

67.29 

0.966 

248 

8.336 

114.24 

65.15 

0.772 

266 

8.305 

116.08 

63.00 

0.622 

284 

8.239 

0.108 

117.89 

1.78 

60.78 

2.31 

0.503 

302 

8.131 

119.67 

58.47 

0.408 

320 


XLII 


TECHNICAL THERMODYNAMICS. 




ENGLISH UNITS. 


Saturated Vapor of 


1. 

Temperature 

Fahrenheit 

t 

2. 

Absolute 

Temperature 

T 

3. 

Steam Pressure 
in Inches 
of Mercury 

'P 

(Regnault) 

4. ‘ 

Differential 
Coefficient 
in Inches 
of Mercury 
d'p 
(it 

5. 

dp 

pdt 

32 ! 

491.4 

1.297 

0.0398 

0.030743 

50 

509.4 

2.204 

0.0621 

0.028171 

68 

527.4 

3.582 

0.0927 

0.025874 

86 

545.4 

5.601 

0.1334 

0.023823 

104 

563.4 

8.457 

: 0.1859 

0.021991 

122 

581.4 

12.377 

0.2520 

0.020354 

140 

599.4 

17.615 

0.3328 

0.018890 

158 

617.4 

24.455 

0.4300 

0.017582 

176 

635.4 

33.200 

! 0.5448 

0.016411 

194 

653.4 

44.184 

0.6787 

0.015363 

212 

671.4 

57.760 

0.8331 

0.014424 

230 

689.4 

74.310 

1.0094 

0.013584 

248 

707.4 

94.239 

1.2093 

0.012830 

266 

725.4 

117.987 

1.4339 

0.012153 

284 

743.4 

146.025 

1.6861 

0.011547 

302 

761.4 

178.863 

1.9676 

0.011001 

320 

779.4 

217.052 

2.2811 

0.010509 


Saturated Vapor of 


1. 

2. 


3. 


4. 


Tempera- 

ture 

Total 

Differ- 

Heat of 

Differ- 

Latent 

Differ- 

Fahren- 

Heat 

ences 

the Liquid 
ft 

ences 

Heat 

ences 

heit 






t 

k 




r = A— g 



(Regnault) 


(Regnault) 




32 

50 

68 

86 

104 

93.60 

96.19 

98.75 

101.21 

103.64 

2.59 

2.56 

2.46 

2.43 

2.34 

0.00 

3.58 

7.18 

10.84 

14.51 

3.58 

3.60 

3.66 

3.67 
3.71 

93.60 

92.61 
91.57 
90.37 
89.13 

0.99 

1.04 

1.20 

1.24 

1.37 

122 

140 

158 

176 

194 

105.98 

108.29 

110.52 

112.68 

114.79 

2.31 

2.23 

2.16 

2.11 

2.03 

18.22 

21.96 

25.74 

29.56 

33.39 

3.74 

3.78 

3.82 

3.83 
3.87 

87.76 

86.33 

84.78 

83.12 

81.40 

1.43 

1.55 

1.66 

1.72 

1.84 

212 

230 

248 

266 

284 

116.82 

118.82 

120.73 

122.58 

124.38 

2.00 

1.91 

1.85 

1.80 

1.75 

37.26 

41.17 

45.11 

49.09 

53.08 

3.91 

3.94 

3.98 

3.99 
4.03 

79.56 
77.65 
75.62 . 
73.49 
71.30 

1.91 

2.03 

2-13 

2.19 

2.28 

320 

302 

126.13 

127.80 

1.67 

57.11 

61.20 

4.09 

69.02 
66.60 . 

2.42 




APPENDIX. 


XU 


ENGLISH UNITS. 


of Chloroform, Table 5a. 


6. 

7. 

u at 

8. 

1 

— Ap 
u u ^ 

9. 

Apu 

~r-4> 

1. 

Temperature 

Fahrenheit 

t 

14.790 

3.182 

2.968 

0.06761 

32 

13.951 

5.051 

4.689 

0.07168 

50 

13.231 

7.649 

7.070 

0.07558 

68 

12.603 

11.240 

10.348 

0.07935 

86 

12.046 

16.028 

14.697 

0.08302 

104 

11.544 

22.256 ' 

20.328 

0.08662 

122 

11.086 

30.177 

27.456 

0.09020 

140 

10.662 

40.036 

36.280 

0.09379 

158 

10.265 

52.066 

46.994 

0.09742 

176 

9.889 

66.466 

59,745 

0.10112 

194 

9.532 

83.412 

74.662 

0.10491 

212 

9.190 

103.015 

91.805 

0.10882 

230 

8.860 

125.339 

111.193 

0.11286 

248 

8.542 

150.367 

132.765 

0.11706 

266 

8.234 

178.021 

156.401 

0.12145 

284 

7.935 

208.181 

181,947 

0.12602 

302 

7.646 

240.631 

209.160 

0.13079 

320 


of Chloroform. Table 5b. 


5. 

Outer 

Latent 

Heat 

Apu*>><l>r 

Differ- 

ences 

6. 

Steam 

Heat 

J «= X—Apu 

Differ- 

ences 

7. 

Inner 

Latent 

Heat 

p'=r— Apw 

Differ- 

ences 

8. 

Values 

of 

r 

© 

(0.0096 ■) 

1. 

Temper- 

ature 

Fahren- 

heit 

t 

8.154 

0.367 

0.333 

0.300 

0.279 

0.253 

0.238 

0.223 

0.213 

0.205 

0.200 

0.192 

0.193 

0.187 

0.189 

112.45 

2.10 

2.15 

2.16 
2.21 
2.21 

2.25 
2.24 

2.27 

2.26 

2.28 

2.28 

2.29 

2.28 

2.29 

112.45 

2.09 

2.07 
2.06 

2.03 

2.05 

2.04 

2.06 

2.05 

2.08 
2.07 

2.07 

2.10 

2.13 

2.14 

37.899 

32 

8.521 

114.55 

110.36 

23.536 

50 

8.854 

116.70 

108.29 

15.314 

68 

9.154 

118.86 

106.23 

10.265 

86 

9.433 

9.687 

121.07 

123.28 

104.20 I 
102.15 

7.090 

5.025 

104 

122 

9.925 

125.53 

100.11 

3.646 

140 

10.148 

127.77 

98.05 

2.702 

158 . 

10.361 

130.04 

96.00 

2.042 

176 

10.566 

10.766 

132.30 

134.58 

93.92 

91.85 

1.571 

1.230 

194 

212 

10.958 

136.86 

89.75 

0-977 

230 

11.151 

139.15 

87.65 , 

0.788 

248 

11.338 

141.43 

85.52 

0.644 

266 

11.527 

143.72 

83.38 

0.533 

284 

11.711 

0.184 

0.185 

146.01 

2.29 

2.29 

81.23 

2.15 

2.18 

0.447 

302 

11.896 

148.30 

79.05 

0.378 

320 



XL 


TECHNICAL THERMODYNAMICS. 


ENGLISH UNITS. 


Saturated Vapor 


1. 

Temperature 

Fahrenheit 

t 

2. 

Absolute 

Temperature 

T 

3. 

Steam Pressure 
in Inches 
of Mercury 

V 

(Regnault) 

4. 

Differential 
Coefficient 
in Inches 
of Mercury 
dp 

di 

5. 

dp 

pdt 

32 

491.4 

2.351 

0.07076 

0.030099 

50 

509.4 

3.956 

0.10833 

0.027387 

68 

527.4 

6.318 

0.15849 

0.026087 

86 

545.4 

9.745 

0.22518 

0.023107 


563.4 

14.538 

0.31083 

0.021381 

122 

581.4 

21.065 

0.41826 

0.019856 

140 

599.4 

29.742 

0.55009 

0.018496 

158 

617.4 

41.028 

0.70851 

0.017269 

176 

635.4 

55.418 

0.89530 

0.016155 

194: 

653.4 

73.435 

1.11146 

0.015136 

212 

671.4 

95.612 

1.35741 

0.014197 

230 

689.4 

122.480 

1.63265 

0.013330 

248 

707.4 

154.556 

1.93591 

0.012526 

266 

725,4 

192.326 

2.26485 

0.011776 

284 

743.4 

236.226 

2.61647 

0.011076 

302 

761.4 ’ 

286.638 

2.98740 

0.010422 

320 

779.4 

343.865 

3.37309 

0.009810 


Saturated Vapor 


1. 

Tempera- 

ture 

2. 


CO 

■ 

4. 


Total 

Differ- 

Heat of 

Differ- 

Latent 

Differ- 

Fahren- 

Heat 

ences 

Liquid 

flt 

ences 

Heat 

ences 

heit 






t 

Jl 


q=J^cdt 


r= A — 5 



(Regnault) 


(Regnault) 




32 

50 

120.60 

123.07 

2.475 

tc 

0.00 

4.19 

4.19 

4.22 

4.23 
4.23 
4.26 

120.60 

118.88 

1.72 

1.74 
1.76 

1.75 
1.79 

68 

125.55 

(t 

8.41 

117.14 

86 

128.02 

i { 

12.64 

115.38 

104 

130.50 

tt 

16.87 

113.63 

122 

132.97 

It 

21.13 

4.29 

4.30 
4.32 

4.34 

4.35 

111.84 

i 1.81 

1.83 

1.84 
! 1.87 

1 1.87 

140 

135.45 

1 1 

25.42 

110.03 

158 

137.92 

tc 

29.72 

108.20 

176 

140,40 

tt 

34.04 

106.36 

194 

142.87 ' 

tt 

38.38 

104.49 

212 

145.35 

tt 

42.73 

4.38 

4.39 
4.41 

4.43 

4.44 

102.62 


230 

147.82 

tt 

47.11 

100.71 

1.91 

1.91 

1.94 

248 

150.30 

1 1 

51.50 

98.80 

266 

152.77 

1 1 

55.91 

96.86 

284 

155.25 

it 

. 60.34 

94.91 

1 .95 
1.97 

302 

157.72 

1 1 

! 64.78 

4.47 

92.94 

1.99 

320 

160.20 


i 69.25 

90.95 






APPENDIX. 


XXXIX 


of Acetone. Table 4a. 


ENGLISH UNITS, 


6. 

m P 
pdt 

7. 

u at 

II 

I O) 

1 

9. 

r 

1. 

Temperature 

Fahrenheit 

t 

16.248 

3.708 

3,480 

0.06155 

32 

14.690 

5.839 

5.442 

0.06807 

50 

13.553 

8.814 

8.166 

0.07378 

68 

12.674 

12.880 

11.871 

0.07834 

86 

12.123 

18.319 

16.807 

0.08248 

104 

11.596 

25.440 

23.246 

0.08623 

122 

11.142 

34.566 

31.464 

0.08975 


10.733 

46.023 

41.735 

0.09316 


10.356 

60.120 

• 54.315 

0.09656 

176 

9.999 

77.134 

69.421 

0.10001 

194 

9.657 

97.295 

87.219 

0.10355 

212 

9.325 

120.776 

107.826 . 

0.10723 

230 

9.002 

147.658 

131.257 

0.11108 

248 

8.688 

177.966 

157.481 

0.11510 

266 

8.380 

211.616 

186.365 

0.11932 

284 

of Acetone. 

Table 4b. 






5. 


6. 


7. 


8. 

Outer 

Latent 

Heat 

Differ- 

ences 

Steam 

Heat 

Differ- 

ences. 

Inner 

Latent 

Heat 

Differ- 

ences. 

Values 

of 

r 



J « X—Apu 


p^r—Apu 


“■&) 

(^=0.0192) 


1 . 

emper- 

ature 

Fahren- 

heit 

t 


15.564 

17.032 

18.238 

19.103 

19.811 

20.367 

20.810 

21.166 

21.458 

21.694 

21.877 

22.016 

22.106 

22.144 

22.144 


1.468 

1.206 

0.865 

0.708 

0 . 556 I 
0.443 
0.356 
0.292 
0.236 

0.183 

0.139 

0.090 

0.038 

0.000 


237.34 

242.37 
247.48 

252.75 
257.98 

263.18 
268.32 

273.35 
283.26 
287.05 

287.68 

292.19 
296.56 
300.82 
304.90 


5.03 

5.11 

5.27 

5.23 

5.20 

5.14 

5.03 

4.91 

4.79 

4.63 

4.51 

4.37 

4.24 
4.08 


237.34 

233.19 

228.96 

224.76 

220.38 

215.82 

211.06 

206.05 

200.77 
195.23 

189.38 

183.29 
176.90 
170.25 

163.29 


4.15 

4.23 

4.20 

4.38 

4.56 

4.76 

5.01 

5.28 

5.54 

5.85 

6.09 

6.39 
6.65 
6.96 


68.206 

42.851 

28.043 

18.932 

13.111 

9.286 

6.707 

4.937 

3.696 

2.811 

2.171 

1.700 

1.347 

1.081 

0.876 



XXXVIII 


TECHNICAL THERMODYNAMICS. 


ENGLISH UNITS, 

Saturated Vapor 


1. 

Temperature 

Fahrenheit 

t 

2. 

Absolute 

Temperature 

T 

3. 

Steam Pressure 
in Inches 
of Mercury 

P 

(Regnault) 

4. 

Differential 
Coefficient 
in Inches 
of Mercury 
dp 
dt 

5. 

dp 

pdt 

32 

491.4 

2.493 

0.08244 

0.033064 

50 

509.4 

4.343 

0.12524 

0.028839 

68 

527.4 

7.090 

0.18261 

0.025758 

86 

545.4 

11.026 

0.25802 

0.023403 

104 

563.4 

16.510 

0.35525 

0.021518 

122 

581.4 

23.969 

0.47808 

0.019946 

140 

599.4 

33.896 

0.63009 

0.018589 

158 

617.4 

46.846 

0.81446 

0.017386 

176 

635.4 

63.427 

1.03381 

0.016299 

194 

653.4 

84.284 i 

1.28983 

0.015303 

212 

671.4 

110.086 

1.58335 

0.014383 

230 

689.4 

141.509 

1.91415 

0.013527 

248 

707.4 

179.210 

2.28064 

0.012726 

266 

725.4 

223.815 

2.68055 

0.011977 

284 

743.4 

275.891 

3.11021 

0.011273 


Saturated Vapor 


1. 

2. 


3. 


4. 


Tempera- 







ture 

Total 

Differ- 

Heat of 

Differ- 

Latent 

Differ- 

Fahren- 

Heat 

ences 

Liquid 

1 ences 

Heat 

ences 

heit 



fit 




t 

A 


q^J^cdt 


r= A— g 



(Regnault) 


(Regnault) 




32 

50 

68 

86 

104 

252.90 

259.40 

265.72 

271.85 

277.79 

6.50 

6.32 

6.13 

5.94 

0.00 

9.18 

18.52 

27.99 

37.60 

9.18 

9.34 

9.47 

9.61 

252.90 

250.22 

247.20 

243.86 

240.19 

2.68 

3.02 

3.34 

3.67 



5.76 


9.76 


4.00 

122 

140 

158 

176 

194 

283.55 

289.13 

294.52 

299.72 

304.74 

5.58 

5.39 

5.20 

5.02 

47.36 

57.26 

67.30 

77.49 

87.82 

9.90 

10.04 

10.19 

10.33 

236.19 

231.87 

227.22 

222.23 
216.92 

4.32 

4.65 

4.99 

5.31 



4.82 


10.48 


5.66 

212 

230 

248 

266 

284 

309.56 

314.21 

318.67 

322.96 

327.04 

4.65 

4.46 

4.29 

4.08 

98.30 

108.90 

119.66 

130.57 

141.61 

10.60 

10.76 

10.91 

11.04 

211.26 

205.31 

199.01 

192.39 

185.43 

5.95 
6.30 
6.62 

6.96 











APPENTDIX. 


XXXVII 


'EMGLTSH UNITS. 

of Alcohol. Table 3a. 


6. 

rp dp 

pdt 

7. 

u at 

8. 

u u 

9. 

Apu 
r ^ 

1. 

Temperature 
i Fahrenheit 

IS. 099 

0.828 

0.782 

0.05525 

32 

17.736 

1.548 

1-461 

0.05638 

50 

17.222 

2.759 

2.599 

! 0.05806 

68 

16.668 

4.716 

4.422 

0.05999 

86 

16.104 

7.757 

7.275 

0.06210 

104 

15.541 

12.314 

11.521 

0.06435 

122 

14.982 

18.905 

17.643 

0.06674 

140 

14.431 

28.139 

26.189 

0.06930 

158 

13.887 

40.679 ; 

37.750 

0.07201 

176 

13.354 

bl.227 

52.941 

0.07488 

194 

12.831 

78.487 

72.370 

0.07793 

212 

12.320 

105.108 

96.577 

0.08117 

230 

11.821 

137.669 

126.015 

0.08459 

248 

11 .335 

176.578 

160. 962 

0.08822 

266 

10.863 

222. 116 

201.669 

0.09206 

284 

10.404 

274. 351 

247. 981 

0.09612 

302 


of Alcohol. Table 31>. 


5. 


6. 


7. 


8. 

Outer 
I^atent 
Heat 
Apu = <j!>r 

Differ- 

enccB. 

Steam 

Heat 

J 

Differ- 

ences. 

Inner 

Latent 

Heat 

p=^r—Ap'u 

Differ- 

ences. 

Values 

of 

r 

u=—, 







\n/ 

(^-0.0208) 

23.521 

25.144 

25.972 

26.634 

0.716 

0.907 

0.828 

0.662 

0.445 

402. 18 
415.68 
428.46 
438.43 
444.97 

13.50 

12.78 

9.97 

6.54 

3.15 

402. 18 
405.62 
407.90 
406.95 
402.29 

-3.44 
-2.28 
+ 0.95 
4.66 
8.55 

513.989 
277 .595 
156,966 
91.800 
55.289 

27.079 
27 Ml 
27.517 
27.619 
27.770 
27.932 

0.268 

0.170 

0-102 

0.151 

0.162 

0.245 

448. 12 
449. 65 
449.84 
449.74 
451.03 
453.21 

1.53 
+ 0-19 
-O-IO 
+ 1.29 
2.18 
3.89 

393.74 

382,38 

369.60 

355.94 

343.08 

330.49 

11.36 

12.78 

13.66 

12.86 

12.59 

11.52 

34.174 

21,671 

14,112 

9.430 

6.479 

4.564 

28.177 

28.445 

28.744 

29.131 

0.267 

0.299 

0.387 

0.364 

457. 10 

462.06 

468.06 
475.77 

4.96 

6.00 

7-71 

8.27 

318.97 

307.85 

297.10 

287.31 

11.12 

10.75 

9.79 

•9.95 

3.305 

2.443 

1.845 

1.424 

29.495 


484.04 


277.36 


1.118 


1 . 

Temper- 

ature 

B'’ahr€a- 

heit 

t 


32 

50 

68 

86 

104 

122 

140 

158 

176 

104 

212 

230 

248 

266 

284 

302 


XXXVI TECHNICAL THERMODYNAMICS. 

ENGLISH UNITS, 


Saturated Vapor 


1. 

Temperature 

Fahrenheit 

t 

2. 

Absolute 

Temperature 

T 

3. 

Steam Pressure 
in Inches 
j of Mercury 

1 ^ 

! (Regnault ) 

4. 

Differential 
Coefficient 
in Inches 
of Mercury 
dp 

j dt 

5. 

dp 

pdt 

I 

32 

491.4 

0.500 

0.018414 

0.036831 

50 

509.4 

0.954 

1 0.033213 

0.034818 

68 

527.4 

1.750 

0.057159 

0.032655 

86 

545.4 

3.091 

0.094473 

0.030561 

104: 

568.4 

5.263 

0. 15045 

0.028583 

122 

581.4 

8.658 

0.23141 

0.026730 

140 

599.4 

13.788 

0.34464 

0.024996 

158 

617.4 

21.305 

0.49797 

0.023373 

176 

635.4 

32.005 

0.69950 

0.021857 

194 

653.4 

46.822 

0.95695 

0.020438 

212 

671.4 

66.831 

1.27727 

0.019112 

2S0 

689.4 

93.214 

1.66583 

0.01 7871 

248 

707.4 

127.234 

2.12622 

0.01 6711 

266 

725.4 

170.196 

2. 65959 

0.01 5627 

284 

743.4 

223 .408 

3.26454 

0.014612 

302 

761.4 

288.125 

3.93696 

0.013664 


Saturated Vapor 


1. 

remperar- 

ture 

2. 


3. 


4. 


Total 

Differ- 

Heat of 

Differ- 

Latent 

Differ- 

Fahren- 

Heat 

ences 

Liquid 

ences 

Heat 

ences 

heit 






t 



q=J*edt 


r= g 



(Regnault) 


(Regnault) 




32 

50 

68 

86 

104 

425.70 

439.92 

453.60 
464.40 

471.60 

14.22 

13.68 

10.80 

7.20 

3.60 

0.00 

10.06 

20.56 

31.48 

42.68 

10.06 

10.50 

10.92 

11.20 

11.70 

425.70 

429.86 

433 .04 

432.92 

428.92 

-4.15 

-3.18 

+•0.12 

4.00 

8.10 

122 

140 

158 

176 

194 

212 

475.20 

477.00 

477.36 

477.36 

478.80 

481.14 

1.80 

0.36 

0.00 

1.44 

2.34 

4.14 

54.38 

67.27 

80.24 

93.80 

107.95 

122.72 

12.89 

12.97 

13.56 

14.15 

14.77 

15.41 

420.82 

409.73 

397.12 

383.56 

370.86 

358.42 

11.09 

12.61 

13.56 

12.71 

12.43 

11.27 

230 

248 

266 

284 

485.28 

490.50 

496.80 

504.90 

5.22 
6.30 
8.10 
' 8.64 

138.13 

154.21 

170.96 

188.46 

16.08 

16-75 

17.50 

18.22 

347.15 

336.29 

325.84 

316.44 

10.86 

10.45 

9.40 

9.58 

302 I 

513.54 


206.68 


306.86 



APPENDIX. 


XXXV 


ENGLISH UNITS. i 

of Ether. Table 2a. 




6. 

pdt 

7. 

u at 

8. 

u u ^ 

9, 

Apu_, 

r 

; 

Temperature i 

Fahrenheit ? 

t . H 

12.497 

8.303 

7.639 

0.08002 

" ! ; 

32 i,! 

12.061 

12.465 

11.432 

0.08291 

50 M 

11.628 

18.132 

16.574 

0.08600 

68 '! 

11.200 

25.618 

23,331 

0.08929 

86 

1 ^ 

10.781 

35.236 

31.967 

0.09275 

5' 

104 ‘I"' 

10.374 

47.279 

42.721 

0.09640 

122 

9.982 

62.046 

55.829 

0.10018 

140 * 

1 9.610 

79.812 

71.506 

0.10406 i 

158 i 

’ 9.264 

100.901 

90.009 

0.10794 1 

176 < 

8.951 

125.732 

111.686 

0.11172 

194 

8.683 

154.983 

137.134 

0.11516 

212 

8,475 

189.791 

167.398 

0.11799 

230 

1 8.348 

232.210 

204.394 

0.11978 

248 


of Ether. Table 2b. 


5. 


6. 


7. 


8. 

1. 

Outer 

Latent 

Differ- 

Steam 

Differ- 

Inner 

Latent 

Differ- 

Values 

Temper- 

ture 

Heat 

ences. 

Heat 

ences 

Heat 

ences 

of 

r 

fe) 

Fahren- 

heit 

Apu==^<j>r 


J = X—Apu 




t 

(<7-0.0208) 

13.538 

0.360 

0.356 

0.349 

15S.66 

7.64 

7.45 

7.25 

155.66 

1.94 

2.23 

2.54 

20.377 

32 

13.898 

163.30 

153.72 

13.446 

50 

14.254 

170.75 

151.49 

9.142 

68 

14.603 

178.00 

148.95 

6.383 

86 


0.337 


7.06 


2.83 



14.940 

0.315 

0.288 

0.247 

0.187 

185.06 

6.89 

6.72 

6.54 

6.40 

146.12 

3.11 

3.39 

3.67 

3.92 

4.570 

104 

15.255 

191.95 

143.01 

3.346 

122 

15.543 

15.790 

15.977 

198.67 

205.21 

211.61 

139.62 

135.95 

132.03 

2.501 

1.900 

1.467 

140 

158 

176 

0.110 


6.30 


4.12 



16.087 

16.081 

15.930 

-0.006 

-0.151 

-0.351 

217.91 

224.11 

230.27 

6.20 

6,16 

6.15 

127.91 

123.56 

119.08 

4.35 

4.48 

4.59 

1.145 

0.900 

1.711 

194 

212 

230 

15.579 

236.42 

114.49 

0.561 

248 


I 




XXXIV 


TECHNICAL THERJVIODYNAMICS. 


ENGLISH UNITS. 

Saturated Vapor 


1. 

Temperature 

Fahrenheit 

t 

2. 

Absolute 

Temperature 

T 

3. 

Steam Pressure 
in Inches 
of Mercury 

P 

(Regnault) 

4. 

Differential 
Coefficient 
in Inches 
of Mercury 
dp 
dt 

5. 

dp 

pdt 

32 

491.4 

7.259 

0.18462 

0.025432 

50 

509.4 

11.292 

0.26737 

0.023677 

68 

527.4 

17.039 

0.37566 

0.022047 

86 

545.4 

24.992 

0.51321 

0.020536 

104 

563.4 

35.710 

0.68333 

0.019136 

122 

581.4 

49.796 

0.88849 

0.017843 

140 

599.4 1 

67.913 

1.13102 

0.016653 

158 

617.4 ' 

90.744 

1.41242 

0.015565 

176 

635.4 

119.007 

1.73506 

0.014579 

194 

653.4 

153.474 

2.10252 

0.013699 

212 

671.4 

195.011 

2.52215 

0.012933 


689.4 

244.670 

3.00793 

0.012294 

248 

707.4 

303.905 

3.58659 

0.011802 


Saturated Vapor 


1. 

2. 


3. 


4. 


Tempera- 







ture 

Total 

Differ- 

Heat of 

Differ- 

Latent 

Differ- 

Fahren- 

Heat 

ences 

the Liquid 

ences 

Heat 

ences 

heit 






t 

1 


g-£cdt 


r= X—q 



(Regnault) 


(Regnault) 




32 

50 

68 

86 

169.20 

177.20 
185.00 
192.60 

8.00 

7,80 

7.60 

0.00 

9.58 

19.26 

29.05 

9.58 

9.68 

9.79 

169.20 

167.62 

165.74 

163.55 

1.58 

1.88 

2.19 



7.40 


9.89 


2.49 

104 

122 

140 

158 

176 

200.00 

207.20 

214.20 
221.00 
227.59 

7.20 

7.00 

6.80 

6.69 

38.94 

48.94 
59.04 
69.26 
79.58 

10.00 

10.10 

10.22 

10.32 

161.06 

158.26 

155. 16 
151.74 
148.01 

2.80 

3.10 

3.42 

3.73 



6.41 


10.42 


4.01 

194 

212 

230 

248 

234.00 

240.19 

246.20 

252.00 

6.19 

6.01 

5.80 

« 

90.00 

100.55 

111.19 

121.93 

10.55 

10.64 

10.74 

144.00 
139.64 

135.01 
130.07 

4.36 

4.63; 

4.94 



APPENDIX. 


XXXIII 


ENGLISH UNITS. 

of Water. Table lb. 


5. 


6. 


7. 


8. 

1. 

Outer 

Latent 

Heat 

Differ- 

Steam 

Differ- 

Inner 

Latent 

Differ- 

Values 

of 

r 

Temper- 

ture 

ences 

Heat 

ences 

Heat 

ences 

Fahren- 







/ij _ .. __ 

heit 

1! 


J — X—Apu 


')—r—Apu 


© 

(^t-0.01(-02) 

t 







°F. 

53.226 

0.643 

0.664 

0.686 

0.70'9 

1027.49 

2.11 

2.07 

2.07 

2.03 

1063.48 

6.89 

6.91 

6.94 

6.96 

15934.8 

- 4 

53.869 

1029.60 

1056.59 

10677.7 

+ 5 

54.533 ; 

1031.67 

1049.67 

7231.0 

14 

55.219 

1033.74 

1042.73 

4922.9 

23 

55.928 

0.727 

0.751 

0.766 

0.787 

0.803 

1035.77 

2.02 

2.00 

1.98 

1.95' 

1.94 

1035.77 

6.98 

7.01 

7.03 

7.05 

7.07 

3374.8 

32 

56.655 

1037.79 

1028.79 

2406.6 

41 

57.406 

1039.79 

1021.78 

1738.3 

50 

58.172 

58.959 

1041.77 

1043.72 

1014.75 

1007.70 

1271.1 

940.70 

59 

68 

59.762 

0.819 

0.833 

0.844 

0.857 

0.864 

1045.66 

1.93 

1.91 

1.90 

1.89 

1.89 

1000.63 

7.09 

7.11 

7.12 

7.14 

7.15 

704.28 

77 

60.581 

1047.59 

993.54 

532.92 

86 

61.414 

1049.50 

986.43 

407.48 

95 

62.258 

1051.40 

979.31 

314.70 

104 

63.115 

1053.29 

972.17 

245 . 34 

113 

63.979 1 

0.870 

0.873 

0.871 

0.867 

0.859 

1055.18 

1.87 
1.87 
! 1.87 
i 1.88 
: 1.89 

965.02 

7.17 

7.18 
7.18 
7.18 
7.18 

193.02 

122 

>64.849 

1057.05 

957.85 

153.17 

131 

65.722 

1058.92 

950.67 

122.60 

140 

66.593 

1060.79 

943.49 

988.61 

149 

67.460 

1062.67 

936.31 

80.323 

158 

68.319 

0.846 

0.828 

0.805 

0.774 

0.797 

1064.56 

1.90 

1.91 

1.94 
1.97 

1.95 

929.13 

7.18 

7.17 

7.15 
7.14 

7.16 

65.720 

167 

69.165 

1066.46 

921.95 

54.130 

176 

69.993 

1068.37 

914.78 

44.861 

185 

70.798 

1070.31 

^07. 63 

37.397 

194 

71.572, 

1072.28 

900.49 

31.345 

203 

72.369 

0.767 

0.750 

0.737 

0.721 

0.706 

1074.23 

1.98 

1.99 
2.01 

2.03 

2.04 

893.33 

7.13 

7.14 
7.13 
7.13 
7.13 

26.427 

212 

73.136 

1076.21 

886.19 i 

22.392 

221 

73.886 

1078.20 

879.05 : 

19.068 

230 

74.623 

1080.21 

871.92 

16.315 

239 

75.344 

1082.24 

864.79 

14.021 

248 

76.050 

0.691 

0.677 

0.661 

0.645 

0.631 

1084.28 

2.05 

2.07 

2.08 
2.10 
2.11 

857.66 

7.13 

7.12 

7.12 

7.11 

7.12 

12.104 

257 

76.741 

1086.33 

850.53 

10.490 

266 

77.418 

1088.40 

843.41 

9.129 

275 

78.079 

1090.48 

836.29 

7.973 

284 

78.723 

1092.58 

829.18 

6.989 

293 

79.355 

0.615 

0.600 

0.585 

0.570 

0.555 

1094.69 

2.13 

2.15 

2.16 
2.17 
2.20 

822.06 

7.11 

7.11 

7.12 
7.11 
7.11 

6.150 

302 

79.970 

1096.82 

814.95 

5.427 

311 

80.570 

1098.97 

807.84 

4.807 

320 

81.155 

1101.13 

800.72 

4.269 

329 

81.725 

1103.30 

793.61 

3.804 

338 

82.280 

0.542 

0.525 

0.513 

0.495 

0.481 

1105.50, 

2.20 

2.22 

2.23 

2.25 

2.27 

786.50 

7.12 

7.11 

7.12 

7.12 

7.13 

3.399 

347 

82.822 

1107.70 

779.38 

3.045 

356 

83 347 

1109.92 

772.27 

2.736 

365 

83.860 

1112.15 1 

765.15 

1 2.464 

374 

84.355 

1114.40 

758.0^ 

1 2.225 

383 

84.839 


1116.66 


750.90 


1 2.014 

392 



xxxn 


TECHNICAL THERMODYNAMICS, 
ENGLISH VJSflTS. 


Saturated Vapor 


1 . 

Tempera- 

ture 

Fahren- 

heit 

t 

O p 


2. 


3. 


4. 


Total 

Differ- 

Heat of 

Differ- 

Latent 

Differ 

Heat 

ences 

Liquid 

ences 

Heat 

ences 

X 


g^f‘cdt 


T=X~-q 


(Regnault) 


(Regnault) 

1 1 


1 1 

1 


- 4 

1080.720 

2 745 

+ 5 

1083.465 

1 1 

14 

1086.210 

( { 

23 

1088.955 


32 . 

1091 .700 

( i 

41 

1094.445 

1 1 

50 

1097.190 

1 1 

59 

1099.935 

1 1 

68 

1102.680 


77 

1105.426 

It 

86 

1108.170 

tt . 

95 

1110.915 

it 

104 

1113.660 

11 

113 

1116,405 


122 

1119.150 

a 

131 

1121.895 

<< 

140 

1124.640 

tg 

149 

1127.385 

it 

158 

1130.130 


167 

1132.875 

it 

176 

1135.620 

if 

185 

1138.365 

it 

194 

1141.110 

tt 

203 

1143.855 


212 

1146.600 

it 

221 

1149.345 

tt 

230 

1152.090 

if 

239 

1154.835 

it 

248 

1157.580 


257 

1160.325 

tt 

266 

1163.070 

it 

275 

1165.815 

tt 

284 

1168.560 

it 

293 

1171.305 


302 

1174.050 

it 

311 

1176.795 

it 

320 

1179.540 

it 

329 

1182.285 

it 

338 

1185.030 

if 

347 

1187.775 

it 

356 

1190.520 

tt 

365 

1193.265 

n 

374 

1196.010 

tt 

383 

1198.755 


392 

1201.500 



-35.989 
-26.993 
-17.996 
- 8.998 

0.000 
-f* 9.000 
18.003 
27.009 
36.018 

45.031 

54.047 

63.067 

72.092 

81.122 

90.157 

99.199 

108.247 

117.301 

126.362 

135.430 

144.507 

153.592 

162.686 

171.788 

180.900 

190.022 

199.154 

208.297 

217.451 

226.617 

235.795 

244.985 

254.187 

263.402 

272.632 

281.876 

291.134 

300.406 

309.694 

318.997 

328.316 

337.651 

347.004 

356.373 

365.760 


8.996 

8.997 

8.998 
8.998 

9.000 

9.003 

9.006 

9.009 

9.013 

9.016 

9.020 

9.025 

9.030 

9.035 

9.042 

9.048 

9.054 

9.061 

9.068 

9.077 

9.085 

9.094 

9.102 

9.112 

9.122 

9.132 

9.143 

9.154 

9.166 

9.178 

9.190 

9.202 

9.215 

9.230 

9.244 

9.258 

9.272 

9.288 

9.303 

9.319 

9.335 

9.353 

9.369 

9.387 


1116.709 

1110.458 

1104.206 

1097.953 

1091.700 

1085.445 

1079.187 

1072.926 

1066.662 

1060.394 

1054.123 

1047.848 

1041.568 

1035.283 

1028.993 

1022.696 

1016.393 

1010.084 

1003.768 

997.445 

991.113 

984.773 

978.424 

972.067 

965,700 

959.323 

952.936 

946.538 

940.129 

933.708 

927.275 

920.830 

914.373 

907.903 

901.418 

894.919 

888.^08 

881.879 

875.336* 

868.778 

862,204 

855.614 

849.006 

842.382 

835.740 


6.251 

6.252 

6.253 
6.253 

6.255 

6.258 

6.261 

6.264 

6.268 

6.271 

6.275 

6.280 

6.285 

6.290 

6.297 

6.303 

6.309 

6.316 

6.323 

6.332 

6.340 

6.349 

6.357 

6.367 

6.377 

6.387 

6.398 

6.409 

6.421 

6.433 

6.445 

6.457 

6.470 

6.485 

6.499 

6.513 

6.527 

6.543 

6.558 

6.574 

6.590 

6.608 

6.624 

6.642 


APPENDIX. 


XXXI 


ENGLISH UNITS. 


of Water. Table la. 


6. 

T.^ 

. 'pdt 

7. 

u dt 

8. 

u u 

9. 

^ = <4 
r 

1. 

Temperature 

Fahrenheit 

t 

20.980 

0.07007 

0.06674 

0.047664 

- 4 

20.614 

0.10400 

0.09900 

0.048510 

+ 5 

20.249 

0.15270 

0.14516 

0.049386 

4-14 

19.884 

0.22302 

0.21181 

0.050293 

23 

19.520 

0.3235 

0.30700 

0.051229 

32 

19.158 

0.4511 

0.42757 

0.052196 

41 

18.799 

0.6207 

0.58770 

0.053193 

50 

18.444 

0.8440 

0.79817 

0.054219 

59 

18.091 

1.1337 

1.0710 

0.055274 

68 

17.743 

1.5057 

1.4208 

0.056358 

77 

17.400 

1.9780 

1.8642 

0.057470 

86 

17.062 

2.5715 

2.4209 

0.058609 

95 

16.730 

3.3098 

3.1119 

0.059774 

104 

16.403 

4.2195 

3.9623 

0.060964 

iia 

16.083 

5.3305 

4.9992 

0.062176 

122 

15.771 

6.6756 

6.2524 

0.063409 

131 

15.465 

8.2913 

7.7551 

0.064661 

140 

15.168 

10.2172 

9.5437 

0.065927 

149 

14.879 

12.4967 

11.6569 

0.067206 

15S ' 

14.600 

15.1773 

14.1377 

0.068494 

16T 

14.329 

18.3101 

17.0323 

0.069786 

■ 17& 

14.069 

21.9517 

20.3913 

0.071076 

185 

13.820 

26.1632 

24.2701 

0.072359 

194 

13.582 

31.0124 

28.7290, 

0.073628 

205: 

13.344 

36.5428 

33.8042 

0.074940 

212 

13.117 

42.8413 

39.5753 

0.076236 

221 

12.897 

49.9753 

46.1004 

0.077536 

230 

12.684 

58.0185 

53.4444 

0.078838 

239 

12.478 

67.0493 

61 .6747 

0.080143 

. : 248 

12.277 

77.1476 

70.8638 

0.081450 

257 

12.083 ! 

88.3955 

81 .0798 

0.082761 

266- 

11.894 

100.8772 

92.3961 

0.084075 

275 

11.711 

114.6777 

104.8853 

:0. 085391 

284 

11.533 

129.8838 

118.6215 

0.086709 

293 

11.359 

146.5831 

133.6789 

0.088034 

302 

11.191 

164.8640 

150.1318 

10.089361 

311 

11.026 

184.8166 

168.0554 

0.090691 

320 

10.866 

206.5264 

187.5207 

i 0.092026 

329 

10.711 

230.0825 

208.6009 

0.093365 

338 

10.559 

255.5709 

• 231.3660 

i 0.094709 

1 347 

10.410 

283.0769 

255.8851 

0.096059 

366 

10.265 

312.6841 

282.2246 

0.097413 

365 

10-124 

344.4730 

310.4480 

0.098774 

; 374 

9.986 

378.5210 

340.6156 

0.100140 

383 

9.851 

414.9065 

372.7877 

1 0.101514 

392 


XXX 


TECHNICAL THERMODYNAMICS. 


ENGLISH UNITS. 


Saturated Vapor 


1. 

Temperature 

Fahrenheit 

2. 

Absolute 

Temperature 

T 

3. 

Steam Pressures 
in Inches 
of Mercury 

P 

(Regnault) 

4. 

Differential 
Coefficient 
in Inches 
of Mercury 
dp 
(it 

At 

pdt 

1 

- 4 

455.4 1 

0.0365 

0.0016813 

0.{H6070 

+ 5 

464.4 

0.0551 

0.002446(i 

0.014389 

+ 14 

473.4 ; 

0.0824 

0.0035245 

0 042773 

23 

482:4 

0.1226 

0.0050516 

0.0U21H 

32 

491.4 

0.1811 

0.007194 

0.039723 

41 

500.4 

0.2572 

0.009849 

0.0:5828(5 

50 

509.4 

0.3608 

0.013316 

().(h36fK)5 

59 

518.4 

0.5000 

0.017787 

0.03557H 

68 

527.4 

0.6847 

0.023486 

0.034303 

77 

536.4 

0.9272 

0.030569 

0.033079 

86 

545.4 

1.2420 

0.039526 

• 0.031901 

95 

554.4 

1.6467 

0.050580 

0.0:50776 

104 

563.4 

2.1617 

0.064188 

0.(/2!m91 

113 

572.4 

2.8106 

0.080545 

0 028f}57 

122 

581.4 

3.6213 

0.10017 

0. 0276(53 

131 

590.4 

4.6250 

0.12354 

0.025712 

140 

599.4 

5.8577 

0.15114 

0.025802 

149 

608.4 

7.3598 

0.18349 

0 024931 

158 

617.4 

9.1764 

0.22115 

0.02 IKK) 

167 

626.4 

11.3583 

0.26474 

0.023307 

176 

635.4 

13.9612 

0.31485 

i 0.022552 

185 

644.4 

17.0472 

0.37220 

I 0.021833 

194 

653.4 

20.6847 

0.43749 

0.021151 

203 

662.4 

24.9485 

0.51155 

0.020501 

212 

671.4 

29.9212 

0.59468 

0.019875 

221 

680.4 

35.6854 

0.68797 

0.019278 

230 

689.4 

42.3373 

0.79204 

0.018708 

239 

698.4 

49.9767 

0.907(58 

0.0I8III2 

248 

707.4 

58.7117 

1.03/561 

0.0176311 

257 

' 716.4 

68.6566 

1.17662 

0.0I7I37 

266 

725.4 

79.9321 

1.33143 

0.010657 

275 

734.4 

92.6664 

1.50081 

O.OIOIIKI 

284 

743.4 

106.9931 

1.68547 

03)1575*1 

293 

752.4 

123.0529 

1.88613 

0.0153m 

• 302 

761.4 

140.9930 

2.10347 

0.014019 

311 

770.4 

160.9666 

2. 3/5816 

0.014526 

320 

779.4 

183.1343 

2.59087 

0.014147 

329 

788.4 

207.6587 

2.86216 

0.013783 

338 

797.4 

234.7105 

3.15262 

0,013432 

347 

806.4 

264.4652 

3.46279 

O.OKW^S 

356 

815.4 

297.1013 

3.79315 

1 0.012767 

365 

824.4 

332.8036 

4.14413 

^ 0.012452 

374 

833.4 

371,7591 

4.51613 

i 0.012148 

383 

842.4 

414.1578 

4.90948 

0.011854 

392 

851.4 

460.1944 

5.32453 

1 0*011570 


APPENDIX. 


XXIX 


FSESCH UNITS. 

Second Principal Table for Vapor of Water. 


Table 12c. 


1 . 

Pres- 
sure in 
kg. per 
sq. cm. 

(Abs.) 


2 . 

Tem- 

pera- 

ture 


3. 

Heat 
of the 
Liquid 


4. 1 5. 

Latent Heat 

Outer 


Inner 

P 


Apu 


8.5 

8.6 

8.7 

8.8 

8.9 

9.0 

9.1 

9.2 

9.3 

9.4 

9.5 

9.6 

9.7 

9.8 

9.9 

10.00 

10.25 

10.50 

10.75 

11.00 

11.25 

11.50 

11.75 

12.00 

12.25 

12.50 

12.75 

13.00 

13.25 

13.50 

13.75 

14.00 

14.25 

14.50 

14.75 

15.00 

16.00 

17.00 

18.00 

19.00 

20.00 


171.976 

172.465 

172.950 

173.430 

173.906 

174.379 

174.846 

175.310 
175.770 
176.226 

176.679 

177.127 

177.5721 

178.0141 

178.451 

178.886 

179.957 

181.008 

182.040 

183.053 

184.049 

185.027 

185.989 

186.985 

187.866 

188.782 

189.685 

190.573 

191.449 

192.311 
193.162 

194.001 

194.828 

195.644 

196.449 

197.24 

200.32 

203.26 

1206.07 

208.75 


174.0931 

174.599 

175.1001 

175.5961 

176.089 

176.578 

177.061 

177.541 

178.017 

178.489 

178.958' 

179.422 

179.882 

180.340i 

180.793 

181.243 

182.353 

183.4421 

184.51 


185.563! 

186.597 

187.612 

188.611 


[439.367 

438.980 

438.597 

438.217 

437.8401 

437.466 

437.097 

436.730 

436.366 

436.005 

435.647 

435.293 

434.941 

434.591 

434.245 

433.901 
433.054 
[432.223 
.406 


3431 


430.6051 

429.817 

429.044( 

428.283 


189. 5941427. 534 
I90.56l|426.798 
191.513 426.073 
192.452 425.359 


193.376| 

194.287! 

195.1841 

196.070 

196.944| 

197.806 

198.656 

199.495 

|200.324j 

203.533 

206.665 


424.657 

423.964 

423.282 

422.609 

421.945 

421.290 

420.645 


45.492 
45.523 
45.553 
45.583 
45.612 

45.642 

45.670 

45.699 

45.727 

45.755 

45.782 

45.809 

45.836 

45.863 

45.890 

45.916 

45.980 

46.042 

46.103 

46.163 

46.221 

46.277 

46.333 

46.387 

46.440 

46.493 
46.543 

46.592 

46.641 

46.689 

46.735 

46.781 

46.826 

46.870 


420.009 46.913 


[419.380 

416.947 

414.621 


1209.544 412.399! 
212.350 410.279 
I 2 II .34 I 2 I 6 . 065 408.230' 


6. 1 7. 

Values of 


£. 

u 


8 . 

Specific! 

Weight 

1 

^=7 


9. 




10. 

r 

T 


0.2269 

0.2244 

0.2220 

0.2196 

0.2173 


1936.39 
1956. 24| 
1975.66 
1995. 52| 
2014.91 


0.2150 2034.73 


46.955 

47.118 

47.268 

47.408 

47.540 

47.664 


0.2128 

0.2106 

0.2085 

0.2064 

0.2043 

0.2023 

0.2004 

0.1984 

0.1965 

0.1947 

0.1902 

0.1859 

0.1818 

0.1779 

0.1742 

0,1706 

0.1672 

0.1639 

0.1607 

0.1577 

0.1548 

0.1520 

0.1492 

0.1466 

0.1441 

0.1417 

0.1393 

0.1370 

0.1348 

0.1327 

0.1249 

0.1177 

0.1117 

0.1061 

0.1010 


2054.03 
2073.741 
2092.88 

2112.43! 

2132.39 
2151.721 
2170.36 
2190.48 

2209.90 

2228.56 

2276.83 

2325. 03 i 
2372.97 

2420.491 

2467.381 

2514.91 
2561.60 

2608.51 

2655.87 

2701.79 

2747.80 

2793.80 
[2841.58 
[2887.33 

I2932.75 

2977.73 

3024.34 

3070.40 
3115.79 


4.3872 

4.4359 

4.4836 

4.5324 

4.5801 

4.6289 

4.6765 

4.7251 

4.7725 

4.8208 

4.8701 

4.9180 

4.9644 

5.0141 

5.0624 

5.1089 

5.2291 

5.3494 

5.4694 

5.5885 

5.7065 

5.8262 

5.9439 

6.0629 

6.1828 

6.2996 

6.4168 

6.5342 

6.6560 

6.7732 

6.8898 

7.0057 

7.1255 

7.2442 

7.3615 


3160.36 7.4771 
3339.23 7.9428 


3521.44! 

[3692.95 

3867.31 

4039.96! 


8.4175 

8.8652 

9.3284 

9.7943 


0.493.2 

0.49505 

0.49618 

0.49729 

0.49839 

0.49948 

0.50056 

0.50164 

0.50270 

0.50375 

0.50479 

0.50582 

0.50684 

0.50786 

0.50886 

0.50986 

0.51231 

0.51472 

0.51707 

0.51938 

0.52164 

0.52386 

0.52604 

0.52818 

0.53028 

0.53234 

0.53437 

0.53637 

0.53833 

0.54026 

0.54216 

0.54404 

0,54588 

0.54770 


1.0896 

1.0876 

1.0857 

1.0837 

1.0818 

1.0799 

1.0780 

1.0761 

1.0743 

1.0724 

1.0706 

1.0688 

1.0670 

1.0653 

1.0635 

1.0618 

1.0576 

1.0534 

1.0494 

1.0454 

1.0415 

1.0378 

1.0340 

1.0304 

1.0268 

1.0234 

1.0199 

1.0166 

1.0133 

1.0100 

1.0068 

1.0037 

1.0006 

0.9976 


0.54949 0.9946 


0.55125 

0.55805 

0.56452 

0.57068 

0.57652 

0.58214 


0.9917 

10.9804 

0.9697 

0.9598 

0.9503 

0.9413 



XXVllI 


TECHNICAL THERMODYNAMICS. 


FBENCE UNITS. 


Second Principal Table for Vapor of Water. Table 12b. 


1. 

Pres- 
sure in 
kg. per 
sq. cm. 

(Abs.) 

2. 

Tem- 

pera- 

ture 

t 

3. 

Heat 
of the 
Liquid 

4. 1 

La ten 

Inner 

P 

1 5. 

t Heat 

Outer 

Apu 

6. 

Valu 

u 

1 7. 

les of 

u 1 

8. 

Specific 
W eight 

1 

9. 

0 

10. 

r 

T 

4.0 

142.820 

144.102 

462.429 

43.529 

0.4614 

1002.23 

2.1625 

0.42421 

1.2168 

4.1 

143.707 

145.010 

461.728 

43.593 

0.4508 

1024.24 

2.2132 

0.42639 

1.2127 

4.2 

144.576 

145.901 

461.040 

43.655 

0.4407 

1046.15 

2.2639 

0.42853 

1.2086 

4.3 

145.429 

146.775 

460.366 

43.715 

0.4311 

1067.89 

2.3141 

0.430G2 

1.2047 

4.4 

146.266 

147.633 

459.704 

43.774 

0.4218 

1089.86 

2.3650 

0.43267 

1.2009 

4.5 

147,088 

148.475 

459.053 

43.834 

0.4130 

1111.51 

2.4153 

0.43467 

1.1971 

4.6 

147.895 

149.303 

458.415 

43.890 

0.4046 

1133.01 

2.4653 

0.43664 

1.1934 

4.7 

148.689 

150.117 

457.787 

43.946 

0.3964 

1154.86 

2.5162 

0.43858 

1.1898 

4.8 

149.469 

150.918 

457.170 

44.000 

0.3887 

1176.15 

2.5659 

0.44047 

1.1863 

4.9 

150.236 

151.705 

456.563, 

44.054 

0.3812 

1197.70 

2.6163 

0.44233 

1.1828 

5.0 

150.991 

152.480 

455.966 

44.106 

0.3740 

1219.16 

2.6665 

0.4441G 

1.1794 

5.1 

151.734 

153.242 

455.378 

44.159 

0.3671 

1240.47 

2.7165 

0.44596 

1.1761 

6.2 

152.465 

153.993 

454.800 

44.209 

0.3605 

1261.58 

2.7660 

0.44773 

1.1729 

6.3 

153.185 

154.733 

454.231 

44.257 

0.3541 

1282.78 

2.8159 

0.44946 

1 . 1697 

6.4 

153.895 

155.462 

453.669 

44.307 

0.3479 

1304.02 

2.8659 

0.45117 

1.1605 

5.5 

154.594 

156.180 

453.116 

44.355 

0.3419 

1325.29 

2.9161 

0.45285 

1.1634 

6.6 

155.282 

156.888 

452.572 

44.401 

0.3362 

1346.14, 

2.9654 

0.45451 

1.1604 

6.7 

155.961 

157.586 

452.035 

44.447 

0.3306 

1367.321 

3.0154 

0.46613 

1.1574 

5.8 

156.631 

158.274 

451.505 

44.493 

0.3253 

1387.961 

3.0644 

0.45774 

1.1545 

5.9 

157.292 

158.954 

450.982 

44.538 1 

0.3201 

1408.87 

3.1140 

0.45932 

1.1516 

6.0 

157.944 

159.625 

450.466 

44.582 

0.3150 

1430.05 

3.1643 

0.46088 

1.1488 

6.1 

158.587 

160.287 

449.958 

44.624 

0.3102 

1450.54 

3.2131 

0.46241 

1.1460 

6.2 

159.222 

160.940 

449.455 

44.668 

0.3055 

1471.21 

3.2623 

0.46392 

1.1432 

6.3 

159.849 

161.585 

448.959 

44.709 

0.3009 

1492.05 

3.3120 

0.46542 

1.1405 

6.4 

160.467 

162.222 

448.471 

44.749 

0.2965 

1512.55 

3.3610 

0.46689 

1.1378 

6.5 

161.079 

162.852 

447.987 

44.790 

0.2922 

1533.15 

3.4103 

0.46834 

1.1352 

6.6 

161.683 

163.474 

447.509 

44.830 

0.2880 1 

1553.85 

3.4598 

0.46977 

1.1326 

6.7 

162.279 

164.088 

447.037 

44.870 

0.2840 

1574.07 

3.5084 

0.47118 

1.1301 

6.8 

162.869 

164.696 

446.571 

44.909 

0.2800 

1594.90 

3.5583 

0.47258 

1.1276 

6.9 

163.452 

165.296 

446.109 

44.948 

0.2762 

1615.17 

3.6071 

0.47395 

1.1251 

7.0 

164.028 

165.890 

445.654 

44.985 

0.2725 

1635.43 

3.6559 

0.47531 

1.1227 

7.1 

164.598 

166.478 

445.203 

45.021 

0.2689 

1655.65 

3.7047 

0.47666 

1.1203 

7.2 

165.161 

167.058 

444.758 

45.058 

0.2653 

1676.43 

3.7547 

0,47798 

1.1179 

7.3 

165.718 

167.633 

444.317 

45.094 

0.2619 

1696.51 

3,8033 

0.47929 

1.1155 

7.4 

166.270 

168.202 

443.880 

45.130 

0.2586 

1716.47 

3.8516 

0.48059 

1.1132 

7.5 

166.815 

168.764 

443.449 

45.166 

0.2553 

1736.97 

3.9012 

0.48187 

1.1110* 

7.6 

167.355 

169.321 

443.022 

45.200 

0.2522 

1756.63 

3.9489 

0.48314 

1.1087 

7.7 

167.889 

169.872 

442.600 

45.234 

0.2491 

1776.80 

3.9979 

0.48439 

1.1065- 

7,8 

168.418 

170.418 

442.181 

45.268 

0.2461 

1796.75 

4.0464 

0.48562 

1.1043. 

7.9 

168.941 

170.958 

441.768 

45.301 

0.2431 

1817.23 

4.0961 

0.48685 

1.1021 

8.0 

169.459 

171.493 

441.358 

45.334 

0.2403 

1836.70 

4.1437 

0.48806 

i.iooa- 

8.1 

169.972 

172.023 

440.952 

45.366 

0.2376 

1856.64 

4.1923 

0.48925 

1.0979 

8.2 

170.480172.548 

440.550 

45.398 

0.2347 

1877.08 

4.2421 

0.49044 

1.0958. 

8.3 

170.983,173.067 

440.152 45.430 

0.2321 

1896.39 

4.2894 

0.49161 

1.0937 

, 8.4 

171,482173.583 

439.758 45.461 

0.2295 

1916.16 

4.3378 

0.49277 

1.091T 



APPENDIX. 


XXVII 


FRENCH UNITS. 

Second Principal Table for the Vapor of Water.* 


Table 12a. 


1. 

Pres- 
sure in 

1 kg. per 
sq. cm. 

( Abs.) 

2. 

Tem- 

pera- 

ture 

t 

3. 

Heat 
of the 
Liquid 

? 

4. 1 

Latent 

Inner 

P 

5. 

i Heat 

Outer 

Apu 

6. 1 
Value 

u 

7. 

!S of , 

£ 

u 

8. 

Specific 

Weight 

1 

1 

10. 

r 

'f 

0.1 

45.579 

46.649 

539.347 

35.406 

15.0121 

35.93 

0.0666 

0.15463 

1.8041 

0.2 

59.755 

59.890 

528.134 

36.701 

7.7806 

67.88 

0.1285 

0.19836 

1.6975 

0.3 

68.742 

68.934 

521.025 

37.507. 

5.3009 

98.29 

0.1886 

0.22518 

1.6344 

0.4 


75.710 

515.706 

38.101 

4.0387 

127.69 

0.2475 

0.24482 

1.6893 

0.5 

80.899 

81.189 

511.409 

38.576 

3.2712 

156.34 

0.3056 

0.26042 

1.5541 

0.6 

85.484 

85.818 

507.782 

38.972 

2.7540 

184.38 

0.3630 

0.27341 

1.5252 

0.7 

89.469 

89.844 

504.630 

39.314 

2.3813 

211.91 

0.4198 

0.28458 

1.5007 

0.8 

93.003 

93 . 427 

501.835 

39.604 

2.0990 

239.08 

0.4762 

0.29439 

1.4793 

0.9 

96.187 

96.639 

499.316 

39.882 

1.8789 

265.75 

0.5319 

0.30316 

1.4605 

1.0 

99.088 

99.576 

497.021 

40.125 

1.7013 

292.14 

0.5874 

0.31108 

1.4436 

1.1 

101.758 

102.281 

494.909 

40.346 

1.5552 

318.23 

0.6426 

0.31833 

1.4283 

1.2 

104.235 

104.792 

492.950 

40.550 

1.4328 

344.05 

0.69741 

0.32500 

1.4142 

1.3 

100.548 

107.138 

491 . 121 

40.738 

1.3287 

369.63 

0.7520 

0.33120 

1.4013 

1.4 

108.717 

109.339 

489.405 

40.915 

1.23911 

394.97 

0.8064 

0.33699 

1.3893 

1.5 

110.763 

111.416 

487.786 

41.081 

1.1612: 

420.07 

0.8604 

0.34241 

1.3781 

1.6 

112. 699 

113.382 

486.255 

41.236 

1.0928 

444.96 

0.9142 

0.34752 

1.3676 

1.7 

114.539 

115.252 

484.800 

41.382 

1.0321 

469.72 

0.9679 

0.35236 

1.3578 

1.8 

116.290 

117.032 

483.415 

41.521 

0.9780 

494,29 

1.0214 

0.35694 

1.3484 

1.9 

1 

117.966 

118.737 

482.089 

41.654 

0.9295 

518.65 

1.0747 

0.36131 

1.3394 

2.0 

119.570 

120.369 

480.820 

41.780 

0.8857 

542.87 

1.1278 

0.36548 

1.3312 

2.1 

121.109 

121,935 

479 . 603 

41.900 

0.8460 

566.91 

1.1806 

0.36946 

1.3232 

2.2 

122.590 

123.443 

478.431 

42.026 

0.8102 

590.51 

1.2327 

0.37328 

1.3156 

2.3 

124.017 

124.897 

477.303 

42.125 

0.7766 

614.61 

1.2860 

0.37695 

1.3083 

2.4 

125.395 

126.301 

476.213 

42.231 

0.7461 

638.27 

1.3385 

0.38048 

1.3013 

2.5 

126.726 

127.658 

475.160 

42.333 

0.7180 

661.78 

1.3908 

0.38388 

1.2946 

2.6 

128.015 

128.972 

474. 140 

42.433 

0.6920 

685.17 

1.4430 

0.38716 

1.2882 

2.7 

129.264 

130.246 

473.152 

42.628 

0.6678 

708.52 

1.4962 

0.39033 

1.2819 

2.8 

130.476 

131.483 

472.193 

42.619 

0.6454 

731.63 

1.5472 

0.39340 

1.2759 

2.9 

131.653 

132.684 

471.262 

42.708 

0.6244 

754.74 

1.5989 

0.39638” 

1.2701 

3.0 

132.798 

133.863 

470.357 

42.793 

0.6048 

777.71 

1.6507 

0.39926 

1.2645 

3.1 

133.913 

134.992 

469.475 

42,876 

0.6864 

800.61 

1.7024 

0.40206 

1.2691 

3.2 

134.999 

136.102 

468.616 

42.957 

0.5692 

823.29 

1.7637 

0.40479 

1.2539 

3.3 

136.057 

137.183 

467.779 

43.035 

0.6529 

846.05 

1.8053 

0.40743 

1.2488 

3.4 

137.090 

138.239 

466.962 

43.111 

0.6376 

868.60 

1.8566 

0.41001 

1 . 2438 

3.5 

138.099 

139.271 

466.164 

: 43.185 

0.6232 

! 890.99 

1.9076 

0. 41262 

1.2390 

3.6 

139.08a 

» 140.279 

(465.384 

: 43.285 

0.5096 

913.41 

1.9688 

0.41497 

1 . 2343 

3.7 

140. 04S 

1 141.265 

1464.621 

43.329 

0.4966 

; 935.79 

2.0100 

0.41737 

1.2298 

3.8 

140. 99S 

J 142. 23C 

)463.87S 

; 43.398 

0.4842 

5 958.02 

2.0609 

0.41970 

1 . 2253 

3.9 

141. 9U 

) 143.17a 

)463.14f 

; 43.464 

0.4726 

1 980.20 

2.1118 

0.42198 

] 1.2210 


^ Oolumna 2. 3. 9, and 19 accoramg ro r 1 1 e g u a , ' ^ 

p. 447). Columns 4, 5, 6, 7, and 8 computed by Engineer 0 o n n e x t and according 

ito the formulas: ^ 

676.40- 0.791 <; 1= 606.6 +0.305 f, Apti^ X-q-p for 2 = 424, 

m were the corresponding values of Table 11. 


XXVI TECHNICAL THERMODYNAMICS. 

FRENCH UNITS.. 


First Principal Table for the Vapor of Water. Table 11c. 


1. 

Pressure 
in Atmos- 
pheres 

P 

(1 atm. = 
10,333 kg. 
per sq. m.) 

2. 

Tem- 

perature 

t 

3. 

Heat 
of the 
Liquid 

9. 

4. 1 

Latent 

Inner 

P 

5. 

i Heat 

Outer 
' Apu 

6. 1 
Valu 

u 

\ 

7. 

es of 

L 

u 

8. 

Specific 
W eight 

r 

kg, per 
cbm. 

6 5 

162.37 

164.181 

446.956 

44.876 

0.2833 

1577.9 

3.5178 

6.6 

162.98 

164.810 

446.483 

44.916 

0.2792 

1599.0 

3.5685 

6.7 

163.58 

165.428 

446.008 

44.956 

0.2753 

1620.1 

3.6192 

6 8 

164.18 

166.047 

445.534 

44.994 

0.2715 

1641.2 

3.6699 

6.9 

164.76 

166.645 

445.075 

45.032 

0.2678 

1662.2 

3.7206 

7.00 

165.34 

167.243 

444.616 

45.070 

0.2642 

1683.0 

3.7711 

7.25 

166.77 

168.718 

443.485 

45.162 

0.2556 

1735.2 

3.8974 

7.50 

168.15 

170.142 

442.393 

45.250 

0.2475 

1787.1 

4.0234 

7.75 

169.50 

171.535 

441.325 

45.337 

0.2400 

1838.7 

4.1490 

8.00 

170.81 

172.888 

440.289 

45.420 

0.2329 

1890.1 

4.2745 

8.25 

172.10 

174.221 

439.269 

45.501 

0.2263 

1941.2 

4.3997 

8.50 

173.35 

175.514 

438.280 

45.578 

0.2200 

1992.1 

4.. 5248 

8.75 

174.57 

176.775 

437.315 

45.654 

0.2141 

2042.8 

4.6495 

9.00 

175.77 

178.017 

436.366 

45.727 

0.2085 

2093.3 

4.7741 

9.25 

176.94 

179.228 

435.440 

45.798 

0.2031 

2143.5 

4,8985 

9.50 

178.08 1 

180.408 

434.539 

45.868 

0.1981 

2193.5 

5.0226 

9.75 

179.21 

181.579 

433.645 

45.935 

0.1933 

2243.3 

5.1466 

10.00 

180.31 

182.719 

432.775 

46.001 

0.1887 

2293.0 

5.2704 

10.25 

181.38 

183.828 

431.928 

46.064 

0.1844 

2342.5 

5.3941 

10.50 

182.44 

184.927 

431.090 

46.127 

0.1802 

2391.7 

5.5174 

10.75 

183.48 

186.005 

430.267 

46.189 

0.1763 

2440.7 

5.6405 

11.00 

184.50 

187.065 

429.460 

46.247 

0.1725 

2489.5 

5.7636 

11.25 

185.51 

188.133 

428.661 

46.306 

0.1689 

2538.2 

5.8864 

11.50 

186.49 

189.131 

427.886 

46.362 

0.1654 

2586.8 

6.0092 

11.75 

187.46 

190.139 

427.119 

46.417 

0.1621 

2635.2 

6.1318 

12.00 

188.41 

191.126 

426.368 

46.471 

0.1589 

2683.4 

6.2543 

12.25 

189.35 

192.104 

425.624 

46.524 

0.1558 

2731.4 

6.S765 

12.50 

190.27 

193.060 

424.896 

46.576 

0.1529 

2779.3 

6,4986 

12.75 

191.18 

194.007 

424.177 

46.626 

0,1500 

2827.0 

6.6206 

13.00 

192.08 

194.944 

423.465 

46.676 

0.1473 

2874.5 

6.7424 

13.25 

192.96 

195.860 

422.769 

46.724 

0,1447 

2922.0 

6.8642 

13.50 

193.83 

196. 7$6 

422.060 

46.772 

0.1421 

2969.3 

6.9857 

13.75 

194.69 

197.6^2 

421:400 

■ ' ! ■ 

46.818 

0.1397 

3016.5 

7.1072 

14.00 

195.53 

198,537 

420.736 

46.864 

0.1373 

3063.4 1 

7-2283 
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XXV 


FRENCH UNITS. 

First Principal Table for the Vapor of Water. Table lib. 


1, 

Pressure 
in Atmos- 
pheres 

P 

(1 atm.— 
10,333 kg. 
per sq. m.) 

2. 

Tem- 

perature 

t 

3. 

Heat 
of the 
Liquid 

4. j 
Latent 

Inner 

P 

5. 

Heat 

Outer 

Apu 

6. 1 
Value 

u 

7. 

!S of 

L 

u 

8. 

^ecific 

Weight 

r 

kg. per 
cbm. 

3.0 

133.91 

134.989 

469.477 

42.876 

0.5865 

800.47 

1 ,7021 

3.1 

135.03 

136.133 

468.591 

42.960 

0.5686 

824.11 

1.7556 

3.2 

136.12 

137.247 

467.729 

43.040 

0.5519 

847.49 

1.8086 

3.3 

137.19 

138.341 

466.883 

43.119 

0.5362 

870.73 

1.8615 

3.4 

138.23 

139.404 

466.060 

43.196 

0.5213 

894.03 

1.9147 

3.5 

139.24 

140.438 

465.261 

43.269 

0.5072 

•917.31 

1.9676 

3.6 

140.23 

141.450 

464.478 

43.342 

0.4940 

940.24 

2.0203 

3.7 

141.21 

142.453 

463.703 

43.413 

0.4814 

963.24 

2.0729 

3.8 

142.15 

143.416 

462.959 

43.480 

0.4695 

986.07 

2.1255 

3.9 

143.08 

144.368 

462.224 

43.548 

0.4581 

1008.9 

2.1780 

4.0 i 

144.00 

145.310 

461.496 

43.614 

0.4474 

1031.6 

2.2303 

4.1 

144.89 

A 46. 222 

460.792 

43.677 

0.4371 

1054.2 

2.2826 

4.2 

145.76 

147.114 

460.104 

43.739 

0.4273 

1076.8 

2.3349 

4.3 

146.61 

147.985 

459.431 

43.799 

0.4179 

1099.3 

2.3871 

4.4 

147.46 

148.857 

458.759 

43.859 

0.4090 

1121.7 

2.4391 

4.5 

148.29 

i 149.708 

458.103 

43.918 

0.4004 

1144.0 

2.4911 

4.6 

149.10 

150.539 

457.462 

43.975 

0.3922 

1166.3 

2.6430 

4.7 

149.90 

151.360 

456.829 

44.030 

0.3844 

1188.5 

2.5949 

4.8 

150.69 

152.171 

456.204 

44.085 

0.3768 

1210.6 

2.6467 

4.9 

151.46 

152.961 

455.595 

44.139 

0.3696 

1232.7 

2.6984 

5.0 

152.22 

153.741 

454.994 

44.192 

0.3626 

1254.7 

2.7500 

5.h 

152.97 

154.512 

454.401 

44.243 

0.3759 

1276.6 

2.8016 

5.2 

153.70 

155.262 

453.823 

44.293 

0.3495 

1298.5 

2.8531 

5.3 

154.43 

156.012 

453.246 

44.343 

0.3433 

1320.3 

2.9046 

5.4 

155.14 

156.741 

452.684 

44.392 

0.3373 

1342.1 

2.9560 

5.5 

155.85 

157.471 

452.123 

44.441 

0.3315 

1363.8 

3.0073 

5.6 

156.54 

158.181 

451.577 

44.487 

0.3259 

1385.4 

3 . 0586 

5.7 

157.22 

158.880 

451.039 

44.533 

0.3205 

1407.0 

3.1098 

5.8 

157.90 

159.579 

450.501 

44.579 

0.3153 

1428.5 

3.1610 

5I9 

158.56 

160.259 

449.979 

44.623 

0.3103 

1450.0 

3.2122 

6.0 

159.22 

160.938 

449.457 

44 . 667 

0.3054 

1471.5 

3.2632 

6.1 

159.87 

161.607 

448.943 

44.710 

0.3007 

1492.9 

3.3142 

6.2 

160.50 

162.255 

448.444 

44.753 

0.2962 

1514.2 

3.3652 

0 3 

161.14 

162.915 

447.938 

44.794 

0.2917 

1535.5 

3.4161 

6.4 

161.76 

163.553 

447.448 

44.836 

0.2874 

1556.7 

3.4670 


XXIV 


TECHNICAL THERMODYNAMICS. 


FRENCH UNITS. 

First Principal Table for the Vapor of Water. Table 11a. 


1. 

Pressure 
in Atmos- 
pheres 

V 

(1 atm. — 
10,333 kg. 
per sq. m.) 

2. 

Tern- 1 
perature 

t 

3. 

Heat 
of the 
Liquid 

? 

4. 1 

Lateni 

Inner 

P 

5. 

i Heat 

Outer 

Apu 

6. 

Valu 

u 

i 

7. 

es of 

u 

8. 

Specific 

Weight 

r 

kg. per 
cbm. 

0.02 

17.83 

17.838 

561.296 

32.804 

67.303 

8.3398 

0.0149 

0.04 

29.35 

29.375 i 

552.184 

33.893 

34.769 

15.882 

0.0288 

0.06 

36.56 

36.601 

546.481 

34.569 

23.641 

23.116 

0.0423 

0.08 

41.92 

41.977 

542.241 

35.067 

17.987 

30.146 

0.0556 

0.10 

46.21 

46.282 

538.848 

35.464 

14.552 

37.029 

0.0687 

0.12 

49.83 

49.917 

535.984 

35.797 

12.241 

43.786 

0.0817 

0.15 

54.37 

54.477 

532.393 

36.213 

9.9063 

53.743 

0.1009 

0.2 

60.45 

60.589 

527.584 

36.764 

7.5428 

69.945 

0.1326 

0.3 

69.49 

69.687 

520.433 

37.574 

5.1393 

101.27 

0.1945 

0.4 

76.25 

76.499 

515.086 

38.171 

3.9157 

131-54 

0.2553 

0.5 

81.71 

82.017 

510.767 

38 637 

3.1708 

161.08 

0.3153 

0.6 

86.32 

86.662 

507.121 

39 045 

2.6703 

189.91 

0.3743 

0.7 

90.32 

90.704 

503.957 

39.387 

2.3088 

218.28 

0.4329 

0.8 

93.88 

94.304 

501.141 

39.688 

2.0357 

246.18 

0.4910 

0.9 

97.08 

97.543 

498.610 

39.957 

1.8218 

273.69 

0.5486 

1.0 

100.00 

100.500 

496.300 

40.200 

1.6495 

300.88 

0.6059 

1.1 

102.68 

103.216 

494.180 

40.421 

1.5078 

327.75 

0.0628 

1.2 

105.17 

105.740 

492.210 

40.626 

1.3892 

354.31 

0.7193 

1.3 

107.50 

108.104 

490.367 

40.816 

1 .2883 

380.63 

0.7756 

1.4 

109.68 

110.316 

488.6431 

40.993 

1.2015 

406.69 

0.8316 

1.5 

111.74 

112.408 

487.0141 

41.159 

1.1259 

432.56 

0.8874 

1.6 

113.69 

114.389 

485.471 1 

41.315 

1.0596 

458.16 

0.9429 

1.7 

115.54 

116.269 

484.008 

41.463 

1.0008 

483.62 

0.9982 

1.8 

117.30 

118.059 

482.616 

41.602 

0.9484 

508.87 

1 .0533 

1.9 

118.99 

119.779 

481 .279 

41.734 

0.9013 

533.98 

1.1083 

2.0 

120.60 

121.417 

480.005 

41.861 

0.8589 

558.86 

1.1629 

2.1 

122.15 

122.995 

478.779 

41.981 

0.8203 

583.66 

1.2176 

2.2 

123.64 

124.513 

477.601 

42.096 

0.7852 

608.25 

1.2719 

2.3 

125.07 

125.970 

476.470 

42.207 

0.7530 

632.76 

1.3263 

2.4 

126.46 

127.386 

475.370 

42.314 

0.7235 

657.04 

1.3803 

2.5 

127.80 

128.753 

474.310 

42.416 

0.6962 

681.28 

1.4343 

2.6 

129.10 

130.079 

473.282 

42.515 

0.6710 

705.34 

1.4881 

2.7 

130.35 

131.354 

472.293 

42.610 

0.6476 

729.30 

1.5418 

2.8 

131.57 

132.599 

471.328 

42.702 

0.6258 

753.16 

1.5954 

2.9 

132.76 

133.814 

1 

470.387 

42.791 

0.6055 

776.86 

1.6488 
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XXIII 


FRENCH UNITS. 


Carbonic Acid. Table 10. 
A m a g a t and M o 1 1 i e r. 


10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

Heat 

Latent Heat. 


Entropy. 


of 

Liquid 

t 

Total 

Outer 

[ 

Inner 

r 

Liquid 

1 

! Vapor 

Steam 

Heat 

j Tdx 
0 

r 

Apu 

\ 

P 

T 

T 


J=p + q 

-13.78 

70.40 

9.15 

61.25 

0.290 

-0.053 

0.236 

47.47 

-11.70 

68.47 

9.03 

59.44 

0.276 

-0.045 

0.231 

47.74 

- 9.55 

66.35 

8.87 

57.48 

0.262 

-0.036 

0.226 

47.93 

- 7.32 

64.03 

8.67 

55.36 

0.248 

-0.028 

0.221 

48.03 

- 5.00 

61.47 

8.42 

53.05 

0.234 

-0.019 

0.215 

48.05 

- 2.57 

58.63 

8.12 

50.51 

0.219 

-0.010 

0.209 

47.94 

0.00 

55.45 

7.76 

47.69 

0.203 

0.000 

0.203 

47.69 

+ 2.74 

51.86 

5.34 

44.52 

0. 187 

+ 0.010 

0.197 

47.26 

+ 5.71 

47.74 

6.82 

40.92 

0.169 

+ 0.021 

0.189 

46.63 

+ 9.01 

42.89 

6.19 

36,70 

0.149 

+ 0.032 

0.181 

45.71 

+ 12.82 

36.93 

5.37 

31.56 

0.126 

+ 0.045 

0.171 

44.38 

+ 17.57 

28.98 

4.26 

24.72 

0.097 

+ 0.061 

0.159 

42.29 

+ 25.25 

15.00 

2.22 

12.78 

0.050 

+ 0.087 

0,13^ 

38.03 

+ 28.67 

8.40 

1.25 

7.15 

0.028 

+ 0.098 

0.126 

35.82 

+32.91 

0.00 

0.00 

0.00 

0.000 

+0.112 

0.112 

32.91 
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FRENCH UNITS. 

Saturated Vapor of 

According to 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Temperature | 
1 

Steam 

Pressure 

1 


Specific 

V olumc 


t 

Centi- 

grade 

T 

Ab- 

solute 

1 

Atm. 

0 

Kgs. 

per 

sq. cm. 

dp 

pdt 

dp 

dt 

Kgs. 

per 

sq. cm. 

s 

Vapor 

i 

a 

Liquid 

— ,<?— a 

-30 

243 

14.5 

15.0 

31.60 

0.477 

0.0270 

0.00097 

0.()2(K) 

-25 

248 

16.9 

17.5 

32.72 

0.535 

0.0229 

0.00098 

0.0219 

-20 

253 

19.7 

20.3 

33.81 

0.601 

0.0195 

0.00100 

0.0185 

1 

-15 

258 

22.8 ; 

23.5 

34.92 

0.673 

O’. 01 67 

0.00102 

0.0157 

-10 

263 

26.2 

27.1 

36.02 

0.752 

0.0143 

0.00104 

0.0132 

- 5 

268 

30.0 

31.0 

37.13 

0.836 

0.0122 

0.00107 

0.0111 

a 

273 

34.3 

35.4 

38.23 

0.927 

0.0104 

0.00110 

0.0093 

+ 5 

278 

39.0 

40.3 

39.34 

; 1.025 

0.0089 

0.00113 

0.0078 

+ 10 

283 ; 

44.2 

45.7 

40,44 

1.130 

0.0075 

0.00117 

0.0063 

+ 15 

288 

50.0 

51.6 

41.55 

1.243 

0.0063 

0.00123 

0.0051 

+ 20 

293 

56.3 

58.1 

42.65 

1,363 

0.0052 

0.00131 

0.0039 

+ 25 

298 

63.3 

65.4 

43.76 

1.495 

0.0042 

0.00142 

0.0028 

+ 30 

303 

70.7 

73.1 

44,86 

1.630 

0.0030 

0.00167 

0.0013 

+31 

304 

72.3 

74.7 

45.08 

1.667 

0.0026 

0.00186 

0.0007 

+ 31.35 

304.35 

72.9 

75.3 

45.16 

1.669 

0.0022 

0.00216 

D.ODOO 
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..... 


FRENCH UNITS. 
Sulphurous Acid. Table 9. 


9. 

Latent 

Heat. 

Total 

r 

10. 

r 

¥ 

11. 

t 

[*cdt 

0 

12. 

u 

13. 

Spec 

Volume 

v=w+a 

(a =0.0007) 

14. 

ific 

Weight 

1 

r=- 

per cbm. 

1, 

Tempera- 

ture 

Centi- 

grade 

i 

95.887 

0.3946 

-0.0359 

0.7934 

0.7941 

1.259 

-30 

95.528 

0.3852 

-0.0298 

0.6282 

0.6289 

1.590 

-25 

95.000 

0.3755 

-0.0237 

0.5019 

0.5026 

1.990 

-20 

94.303 

0.3655 

-0.0177 

0.4042 

0.4049 

2.470 

-15 

93.437 

0.3553 

-0.0117 

0.3280 

0.3287 

3.042 

-10 

92.403 

0.3448 

-0.0058 

0.2680 

0.2687 

3.722 

- 5 

91.200 

0.3341 

0.0000 

0.2203 

0.2210 

4.525 

0 

89.828 

0.3231 

+ 0.0058 

0.1822 

0.1829 

5.467 

+ 5 

88.287 

0.3120 

+ 0.0115 

0.1514 

0.1521 

6.575 

+ 10 

86.578 

0.3006 

+ 0.0172 

0.1265 

0.1272 

7.862 

+ 15 

84.700 

0.2891 

+ 0.0228 ' 

0.1061 

0.1068 

9.363 

+ 20 

82.653 

0.2773 

+ 0.0284 

0.0895 

0.0902 

11.086 

+ 25 

80.437 

0.2655 

+ 0.0339 

0.0755 

0,0762 

13.123 

+ 30 

78.053 

0.2534 

+ 0.0394 

0.0640 

0.0647 

15.456 

+ 35 

75.500 

0.2412 

+ 0.0448 

0.0545 

0.0552 

18.116 

+ 40 


XX 


TECHNICAL THERMODYNAMICS. 


FRENCH UNITS. 


Saturated Vapor of 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

1 8. 


Steam Pressure 




Latent Heat 

Temper- 

ature 

Centi- 

grade 

t 

Atmos- 

pheres 

1 Atm.= 

V 

Kilo- 

grams 

dp 

i pdt 

\ 

u at 

Heat of 
Liquid 

Outer 

Inner 

10333 kg. 

per 
sq. in. 



Q 

Apu 

P 

-30 

0.379 

1 

3912 

0.053646 

120.28 

- 9.264 ' 

7.321 

88 . 566 

-25 

0.492 

5082 

0.051019 

151.65 

- 7.754 

7.530 

87.998 

-20 

0.631 

6519 

0.048599 

189.03 

- 6.231 

7.716 

87 . 284 

-15 

0.800 

8265 

0.046364 

232.63 

- 4.694 

7.879 

86.424 

-10 . 

1.003 

10367 

0 .044295 

284.83 

- 3.143 

8.019 

85.418 

- 5 

1.246 

12874 

0 .042373 

344.81 

- 1.579 

8.136 

84.267 

0 

1.533 

15840 

0.040583 

413.90 

0.000 

8.230 

82.970 

+ 5 

1.870 

19322 

0,038011 

492.93 

+ 1.592 

8.301 

81.527 

+ 10 

2.263 

23379 

0.037346 

382.76 

+ 3.199 

8.349 

79.938 

+ 15 

2.717 

28074 

0.035877 

684.18 

+ 4.819 

8.374 

78.204 

+ 20 

3.239 

33474 

0,034495 

797.91 

+ 6.453 

8.376 

76.324 

+ 25 

3.837 

39644 

0.033192 

924.83 

+ 8.101 

8.365 

74.288 

+ 30 

4.515 

46655 

0.031960 

1065.58 

+ 9.762 

8.311 

72.126 

+ 35 

5.283 

54579 

0.030794 

1220.88 

+ 11.438 

8.244 

69.809 

+ 40 

6.145 ^ 

63487 

0.029688 

1391.45 

+ 13.127 

8.154 

67.346 


APPENDIX. 


XIX 


FRENCH UNITS. 


of Ammonia. Table 8. 


7. 

8. 

i 9* 

10. 

11. 

1. 


Latent Heat 




Temper- 





^cdt 

ature 

Total 

Outer 

Inner 

T 

r 

0 

Centi- 

grade 

7 * 

Apu 

P 


t 


of the preceding edition, 
below 0° C. 


329.9 

27.95 

302.0 

1.3576 

-0.1029 

328.0 

28.37 

299.6 

1.3225 

-0.0870 

325.8 

28.77 

297.1 

1.2879 

-0.0706 

323.4 

29.15 

294.3 

1.2536 

-0.0536 

320.8 

29.53 

291.3 

1.2198 

-0.0362 

318.0 

29.89 

288.1 

1.1864 

-0.0183 


results ofL. Dieterici. 
above 0° C. 


309.7 

29.76 

279.9 

1.1344 

0.0000 

304.7 

29.93 

274.8 

1,0943 

+0.0203 

298.6 

30.01 

268.6 

1.0544 

+0.0405 

292.6 

30.07 

262.5 

1.0132 

+0.0606 

286.6 

30.14 

256.5 

0.9741 

+0.0804 

279.9 

30.12 

249.8 

0.9359 

+0.1001 

272.5 

30.03 

! 

242.5 

0.8984 

+0.1196 

263.8 

29.80 

234.0 

0.8636 

+0.1391 

256.6 

29.69 

226.9 

0.8252 

+0,1583 


-30 
-25 
-20 
-15 
-10 
- 5 


O' 

+ 5 
+ 10 
+ 15 
+ 20 
+ 25 
+ 30 
+ 35 
+•40 


XVIIl 


TECHNICAL THERMODYNAMICS. 


FRENCH UNITS. 

Saturated Vapor 


1. 

?emper- 

ature 

Centi- 

grade 

■ t. 

' 1 
Steam ] 

Atmospheres 

1 atmosphere 
==10,333 kg. 

3. 

Pressure 

P 

Kilogram 
per sq. m. 

4. 

dp 

pdt 

5. 

Specific 
Volume 
of the Steam 

' 

6. 

Heat of the 
Liquid 

2 




According to the older investigations 





For temperature values 

-30 

: 1.153 ^ 

11890 

0.048566 

0.9961 

-26.60 

-25 

1.463 

15085 

0 .046647 

0.7970 

-22.69 

-20 

1.839 

. 1 

19004 

0.044803 

0.6434 

-18.57 

-15 

2.291* 

23670 

0.043032 

0.5238 

-14.24 

-10 

. 2.828 

29227 

0.041332 1 

0.4300 j 

- 9.70 

- 5 

3.464 

35789 

0.039699 

0.3558 

- 4.96 




According to the experimental 





For temperature values 

0 

4.207 

43475 

0.038130 

0.2940 

0.00 

+ 5 

1 

5.072 

52406 

0.036623 

0.2455 

+ 5.62 

+10 ; 

6.069 

62710 

0.035175 

0.2060 

+ 11.28 

+ir 

7.214 

.74507 - 

0.033785 

0.1740 

+ 17.00 

+ 20 ; 

8.509 

■ 87923 

0.032450 

0.1480 

+22.80 

+25 ‘ 

9.976 

103078 

0.031168 

0.1265 

+ 28.60 

+30 ■ 

11.622 

|120089 ' 

0.029936 

0.1085 

+ 34.50 

+35 1 

13.458 

139064 

0.028753 

0.0932 

+ 40.40 

+40 i 

15.495 

160107 

0.027617 

0.0809 

+ 46 . 38 


APPENDIX. 


XVII 


FRENCH UNITS. 


Bisulphide of Carbon. Table 7a. 


6. 

rjn dp 

pdt 

7. 

u dt 

8. 

9. 

r 

1. 

Temperature 

Centigrade 

t 

12.477 

51.18 

47.08 

0.08015 

0 

11.950 

76.04 

69.68 

0.08368 

10 

11.467 

109.59 

100.03 

0.08721 

; 20 

11.024 

153.64 

139.70 

0.09071 

30 

10.614 

210.18 

190.38 

0.09421 

1 

10.233 

281.27 

253.80 

0.09772 

50 

9.877 

368.81 

331.48 

0.10124 

60 

9.543 

474.93 

425.17 

0.10478 

70 

9.226 

601.32 

536.15 

0.10838 

80 

8.926 

749.69 

665.71 

0.11202 

90 

8.641 

921.33 

814.71 

0.11573 

100 

8.367 

1117.25 

983.72 

0.1*951 

110 

8.104 

1337.99 

1172.89 

0.12339 

120 

7.851 

1583.97 

1382.22 

0.12737 

130 

7.607 

1854.82 

1610.99 

0.13146 

140 

7.371 

2149.85 

1858.18 

0.13567 

150 


Bisulphide of Carbon. Table 7b. 


5. 


6. 


7. 


8. 

Outex 

Latent 

Heat 

Differ- 

ences 

Steam 

Heat 

Differ- 

ences 

Inner 

Latent 

Heat 

Differ- 

ences 

Values 

of 

r 

Apu == <l)r 


J *= X — Apu 


p=^r—Apu 


' 

(-7=0.0008) 

7.213 

7.452 

7.676 

7.881 

8.068 

0.239 

0.224 

0.205 

0.187 

82.79 

83.97 

85.08 

86.13 

87.11 

1.18 

1.11 

1.05 

0.98 

82.79 

81.61 

80.34 

79.00 

77.57 

1.18 

1.27 

1.34 

1.43 

1.7587 

1.1712 

0.8032 

0.5655 

0.4074 

8.239 

8.390 

8.523 

8.638 

8.734 

0.171 

0.151 

0.133 

0.115 

0.096 

88.03 

88.89 

89.68 

90.40 

91.67 

0.92 
0.86 
0.79 
0.72 
; 0.67 

76.07 

74.48 

72.82 

71.06 

69.24 

1.50 

1.59 

1.66 

1.76 

1.82 

0.2997 

0.2247 

0.1712 

0,1325 

0.1040 

8.812 

8.869 

8.906 

S.922 

8.917 

0.078 

0.057 

0.037 

0.016 

-0.005 

91.07 

92.20 

92.67 

93.09 

93.44 

0.60 

0.53 

0.47 

0.42 

0.35 

67.33 

65.34 
63.27 
61.13 
58.91 

1.91 

1.99 

2.07 

2.14 

2.22 

0.0826 

0.0664 

0.0539 

0.0442 

0.0366 

8.885 

-0.031 

93.73 

0.29 

56.61 

2.30 

0.0305 


1 . 

Temper- 

ature 

Centi- 

grade 

t 



XVI 


TECHNICAL THERMODYNAMICS. 


FRENCH UNITS. 


Saturated Vapor of 


1. 

Temperature 

Centigrade 

t 

2. 

Absolute 

Temperature 

• T 

3. 

Steam Pressure 
in Millimeters 
of Mercury 

V 

(Regnault) 

4. 

Differential 
Coefficient 
in Millimeters 
of Mercury 
dp 
dt 

5. 

dp 

pdt 

0 

273 

127.91 

5.846 

0.045704 

10 

283 

198.46 

8.380 

0.042226 

20 

293 

298.03 

11.664 

0.039137 

30 

303 

434.62 

15.813 

0.036383 

40 

313 

617.53 

20.941 

0.033911 

50 

323 

857.07 

27.157 

0.031682 

60 ! 

333 

1164.51 

34.540 

0.029661 

70 

343 

1552.09 

43.181 

0.027821 

80 

353 

2032.53 

53.124 

0.026137 

90 

363 

2619.08 

64.406 

0.024591 

100 

373 

3325.15 

77.030 

0.023166 

no 

383 

4164.06 

90.972 

0,021847 

120 

393 

5148.79 

106.173 

0.020621 

130 

403 

6291.60 

122.573 

0.019482 

140 

413 

7603.96 

140.057 

0.018419 

150 

423 

9095.94 

158.497 

0.017425 


Saturated Vapor of 


1. 

i 

2. 


3. 


4. 


Tempera- 







ture 

Total 

Differ- 

Heat of 

Differ- 

Latent 

Differ- 

Centi- 

grade 

Heat j 

ences 

the Liquid 
ri 

ences 

Heat 

ences 

t 

X 


11 


11 

! 



(Regnault) 


1 (Regnault) 


1 



0 

10 

20 

30 

40 


90.00 
91.42 
92.76 

94.01 
95.18 


1.42 

1.34 

1.25 

1.17 


0.00 

2.36 

4.74 

7.13 

9.54 


2.36 

2.38 

2.39 
2.41 


90.00 

89.06 

88.02 

86.88 

85.64 


0.94 

1.04 

1.14 

1.24 


50 

60 

70 

80 

90 

100 

no 

120 

130 

140 

150 


96.27 

97.28 
98.20 
99.04 
99.80 


1.09 

1.01 

0.92 

0.84 

0.76 


11.96 

14.41 

16.86 

19.34 

21.83 


2.42 

2.45 

2.45 

2.48 

2.49 


84.31 

82.87 

81.34 

79.70 

77.97 


1.33 

1.44 

1.53 

1.64 

1.73 


100.48 

101.07 

101.58 

102.01 

102.36 


0.68 

0.59 

0.51 

0.43 

0.35 


24.34 

26.86 

29.40 

31.96 

34.53 


2.51 

2.52 
2.54 

2.56 

2.57 


76.14 

74.21 

72.18 

70.05 

67.83 


1.83 

1.93 

2.03 

2.13 

2.22 


102.62 


0.26 


37.12 


2.59 


65.50 


2.33 
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XV 


FRENCH UNITS. 
Chloride of Carbon. Table 6a. 


6. 

T 

pdt 

1! 

8. 

u u ^ 

9. 

Apu 
r ^ 

1. 

Temperature 

Centigrade 

t 

15.107 

15.96 

14.90 

0.06619 

0 

14.350 

25.76 

23.97 

0.06968 

10 

13.646 

39.82 

36.90 

0.07328 

20 

12.993 

59.27 

54.71 

1 0.07696 

30 

12.390 

85.34 

78.45 

0.08071 

40 

11.834 

119.29 

109.21 

1 0.08450 

50 

11.322 

162.44 

148.10 

' 0.08832 

60 

10.855 

216.21 

196.29 

0.09212 1 

70 

10.427 

281.96 

254.93 

0.09590 

80 

10.038 

361.24 

325.25 

0.09962 

90 

9.685 

455.60 

408.55 

0.10325 

100 

9.365 

566.78 

506.25 

0.10678 

110 

9.076 

696.63 

619.88 

0.11018 

120 

8.816 

847.20 

751 . 10 

0.11343 

130 

8.584 

1020.90 

901.97 

0.11650 

140 

8.376 

1220.19 

1074.18 

0.11939 

150 

8.191 

1448.05 

1271.27 

0.12208 

160 


Chloride of Carbon. Table 6b. 


5. 


6. 


7. 


8. 

Outer 

Latent 

Differ- 

Steam 

Differ- 

Inner 

Latent 

Differ- 

Values 

of 

Heat 
Apu = <j>r 

ences 

Heat 

X—Apu 

ences 

Heat 

p=^r--Apu 

ences 

r 

(B 

(ct=0.0006) 


1 . 

Temper- 

ature 

Centi- 

grade 

t 


3.442 

3.585 

3.728 

3.864 

3.997 

4.120 

4.236 

4.339 

4.429 

4.505 

4.564 

4.606 

4.629 

4.631 

4.614 

4.577 
4 517 


0.143 

0.143 

0.136 

0.133 

0.123 

0.H6 

0.103 

0.090 

0.076 

0.059 

0.042 

0.02S 

0.002 

-0.017 


-0.037 

-0.060 


48.56 

49.86 

51.13 

52.37 

53.58 

54.76 

55.92 

57.06 

58.17 

59.27 

60.34 

61.40 

62.44 

63.47 

64.49 

65.49 

66.48 


1.30 

1.27 

1.24 

1.21 

1.18 

1.16 

1.14 

1.11 

1.10 

1.07 

1.06 

1.04 

1-03 

1.02 

1.00 

0.99 


48.56 

47.87 

47.14 

46.35 

45.52 

44.64 

43.72 
42.76 

41.75 

40.72 

39.64 

38.53 
37.38 
36.20 
35.00 

33.76 
32.48 


0.69 

0.73 

0.79 

0.83 

0.88 

0.92 

0.96 

1.01 

1.03 

1.08 

1.11 

1.15 

1.18 

1.20 

1.24 

1,28 


3.2584 

1.9971 

1.2776 

0.8471 

0.5803 

0.4087 

0.2952 

0.2178 

0.1638 

0.1252 

0.0970 

0.0761 

0.0603 

0.0482 

0.0388 

0.0314 

0.0255 


0 

10 

20 ' 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

160 


XIV 


TECHNICAL THERMODYNAMICS. 


FRENCH UNITS, 

Saturated Vapor of 


L 

Temperature 

Centigrade 

t 

2. 

Absolute 

Temperature 

T 

3. 

Steam Pressure 
in Millimeters 
oi Mercury 

V 

(Regnanlt) 

4. 

Differential 
Coefficient 
in Millimeters 
of Mercury 
# 

(It 

5. 

dp 

pdt 

0 

I 

273 

32.95 

1.82 

0.055338 

10 

283 

55.97 

2.84 

0.050708 

20 

293 

90.99 

4.24 

0.046574 

30 

303 

142.27 

6.10 

0.042882 

40 

313 

214.81 

8.50 

0.039584 

50 

323 

314.38 

i 11.52 

0,036637 

60 

333 

447.43 

15.21 

0.034002 

70 

343 

621.15 

19.66 

0.031647 

80 

353 

843.29 

24.91 

0.029.539 

90 

363 

1122.26 

31.03 

0.027653 ■ 

100 

373 

1467.09 

38.09 

0.02 5964 

no 

383 

1887.44 

46.15 

0.0244.51 

120 

393 

2393.67 

55.28 

0.023094 

130 

403 

2996.88 

65.56 

0.021876 

140 

413 

3709.04 

77.09 

0.020784 

150 

■ 423 

4543.13 

89.96 

0.019801 

160 

433 

5513.14 

104.29 

0.018917 


Saturated Vapor of 


1. 

2. 


3. 


4. 


Tempera- 



Heat of 




ture 

Total 

Differ- 

Differ- 

Latent 

Differ- 

Centi- 

grade 

Heat 

ences 

the Liquid 

ences 

Heat 

ences 

t 

X 


q=J^cdt 


r^X—q 



(Regnault) 


(Ree:nault) 




0 

10 

20 

30 

40 

52.00 

53.44 

54.86 

56.23 

57.58 

1.44 

1.42 

1.37 

1.35 

0.00 

1.99 

3.99 

6.02 

8.06 

1.99 

2.00 

2.03 

2.04 

52.00 

51.45 

50.87 

50.21 

49.52 

0.55 

0.58 

0.66 

0.69 

50 

60 

70 

80 

90 

58.88 
60.16 
61.40 i 

62.60 1 

63.77 

1.30 

1.28 

1.24 

1.20 

1.17 

10.12 

12.20 

14.30 

16.42 

18.55 

2.06 

2.08 

2.10 

2.12 

2.13 

48.76 

47.96 

47.10 

46.18 

45.22 

0.76 

0.80 

0.85 

0.92 

0.96. 

100 

no 

120 

130 

140 

64.90 

66.01 

67.07 

68.10 

69.10 

1.13 

1.11 

1.06 

1.03 

1.00 

20.70 

22.87 

25.06 

27.27 

29.49 

2.16 

2.17 

2.19 

2.21 

2.22 

44.20 

43.14 

42.01 

40.83 

39.61 

1.02 

1.06< 

1.13 

1.18. 

1.22; 

150 

160 

70.07 i 

71.00 

0.97 

0.93 

31.73 

34,00 

2.24 

2.27 

38.34 

37.00 

1-27 

1.34 


APPENDIX. 


XIII 


FRENCH UNITS, 

of Chloroform. Table 5a. 


6. 

pdt 

7. 

—=AT^ 
u at 

8. 

u u ^ 

9. 

r 

1. 

Temperature 

Centigrade 

t 

14.790 

28.32 

26.41 

0.06761 

0 

13.951 

44.95 

41.73 

0.07168 

10 

13.231 

68.07 

62.92 

0.07558 

20 

12.603 

100.03 

92.09 

0.07935 

30 

12.046 

142.63 

130.79 

0.08302 

40 

11.544 

198.06 

180.90 

0.08662 

50 

11.086 

268.55 

244.33 

0.09020 

60 

10.662 

356.28 

322.86 

0.09379 

70 

10.265 

463.34 

418.20 

0 . 09742 

80 

9.889 

591.49 

531.68 

0.10112 

90 

9.532 

742.29 

664.42 

0.10491 

100 

9.190 

916.74 

816.98 

0.10882 

110 

8.860 

1115.40 

989.52 

0.11286 

120 

8.542 

1338.13 

1181.49 

0.11706 

130 

8.234 

1584.23 

1391.83 

0.12145 

140 

7.935 

1852.62 

• 1619.16 , 

0.12602 

150 

7.646 

2141.40 

1861.33 

0.13079 

160 


of Chloroform. Table 5b. 


5. 


6. 


7. 


8. 

1. 

Outer 

Latent 

Heat 

Differ- 

ences 

Steam 

.Heat 

Differ- 

ences 

Inner 

Latent 

Heat 

Differ- 

ences 

Values 

of 

r 

Temper- 

ature 

Centi- 

grade 

Apu = (l)r 


J “ X—Apv> 


p—r—Apu 


(i) 

(rT= 0.0006) 

t 

4.530 

4.734 

4.919 

0.204 

0.185 

0.167 

0.155 

62.47 

63.64 

64.83 

1.17 

1.19 

1.20 
1.23 

62.47 

61.31 

.60.16 

1.16 

1.15 

1.15 

1.12 

2.3660 

1.4693 

0.9560 

0 

10 

20 

5.086 

66.03 

59.01 

0.6408 

30 

5.241 

67.26 

57.89 

0.4426 

40 

5.382 

0.141 

0.132 

0.124 

0.118 

0.114 

68.49 

1.23 

1.25 

1.24 

1.26 
1.26 

56.75 

1.12 

1.13 
1.15 

1.14 

1.15 

0.3137 

50 

5.614 

5.638 

69.74 

70.98 

55.62 

54.47 

0.2276 

0.1687 

60 

70 

5,756 

5.870 

72.24 

73.50 

53.33 

52.18 

0.1275 

0.0981 

80 

90 

5,981 

0.111 

0.107 

0.107 

0.104 

0.105 

74.77 

1.27 
1.26 

1.28 
1.26 
1.28 

51.03 

1.15 

1.17 

1.16 
1.19 

1.18 

0.0768 

100 

6.088 

76.03 

49.86 

0.0610 

no 

6.195 

77.31 

48.70 

0.0492 

120 

'6.299 

78.57 

47.51 

0.0402 

130 

6.404 

79.85 

46.33 

0.0333 

140 

‘6.506 

0.102 

0.103 

81.11 

1.26 

1.28 

45.12 

1.21 

1.20 

0.0279 

150 

6.609 

82.39 

43.92 

il 0.0236 

160 



XII 


TECHNICAL THERMODYNAMICS. 


FRENCH UNITS. 

Satur^S^ 


1. 

Temperature 

Centigrade 

t 

2. 

Absolute 

Temperature 

T 

3. 

Steam Pressure 
in Millimeters 
of Mercury 

P 

(Regnault) 

4. 

Differential 
Coefficient 
in Millimeters 
of Mercury 
dp 
dt 


0 

273 

59.72 

3.235 

o o 

10 

283 

100.47 

4.953 

o '9 

20 

293 

160.47 

7.246 

o - 9 

30 

303 

247.61 

10.295 

o - o 

40 

313 

369.26 

14.211 

O -O 

50 

323 

535.05 

19.123 

o -O 

60 

333 

755.44 

25.150 

O P' 

70 

343 

1042.11 

32.393 

o ■ 

80 

353 

1407.64 

40.933 

O - Ci- 

90 

363 

1865.22 

50.816 

o - o: 

100 

373 

2428.54 

62.061 

O -Oi 

110 

383 

3110.99 

74.645 

o -Oi 

120 

393 

3925.74 

88.510 

O - 

130 

403 

4885.10 

103.549 

O - Oi 

140 

413 

6000.16 

119.625 

0-03 

150 

423 

7280.62 

136.584 

0-01 

160 

433 

8734.20 

154.218 

o - oi 


Satural^ro^ 


1. 

2. 


3. 


4. 

Tempera- 






ture 

Total 

Differ- 

Heat of 

Differ- 

Latent^ 

Centi- 

Heat 

ences. 

the Liquid 

ences 

Heat:. 

grade 

, 1 


rt 



t 

X 


q^j^cdt 


11 

1 


(Regnault) 


(Regnault) 

i 

1 


0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

160 


67.000 
68.375 

69.75 

71.12 

72.50 

73.87 

75.25 , 

76.62 

78.00 
79.37 

80.75 

82.12 

83.50 

84.87 

86.25 

87.62 

89.00 


1.375 
( ( 

( t 
1 1 

t ( 

1 1 
1 1 
I i 

I ( 

( ( 

I I 
( t 


n 

7 


0.00 

2.33 

4.67 

7.02 

9.37 

11.74 
14.12 

16.51 
18.91 
21.32 

23.74 
26.17 
28.61 
31.06 

33.52 

35.99 

38.47 


2.33 

2.34 

2.35 
2.35 

2.37 

2.38 

2.39 

2.40 

2.41 

2.42 

2.43 

2.44 

2.45 

2.46 

2.47 

2.48 


67.00 
66.04 
65. OB 
64.10 
63.13 


62.13 

61.13- 

60.11 

59.09 

58.05 


57.01 

55.95 

54.89 

53.81 

52.73 

51.63 

50.53 


APPENDIX. 


XI 


FRENCH UNITS. 

of Acetone. Table 4a. 


6. 

pdt 

7. 

^^AT^ 
u at 

8 . 

u u ^ 

9. 

Apu_, 
r ^ 

1. 

Temperature 

Centigrade 

t 

16.248 

33.00 

30.97 

0.06155 

0 

14.690 

51.96 

48.43 

0.06807 , 

10 

13.533 

78.44 

72.67 

0.07378 

20 

12.674 

114.62 

105.64 

0.07834 

30 

12.123 

163.02 

149.58 j 

0.08248 

40 

11.596 

226.39 

206.87 

0.08628 

50 

11.142 

307.61 

280.00 

. 0.08975 

60 

10.733 

409.56 1 

371.40 

0.09316 

70 

10.356 

535.01 

483.35 

0.09656 

80 

9.999 

686.42 

617.78 

0.10001 

90 

9.657 

865.84 ! 

776.17 

0.10355 

100 

9.325 

1074.80 

959.55 

0.10723 

110 

9.002 

1314.02 

1168.07 

0.11108 

120 

8.688 

1583.74 

1401.44 

0.11510 

130 

8.380 

1883.19 

1658.48 

0.11932 

140 

of Acetone. 

Table 4b. 





5. 6. 7. 


8 . 1 . 


Outer 

Latent 

Heat 


Differ- 

ences 


Steam 

Heat 


Differ- 

ences. 


Inner 

Latent 

Heat 


Differ- 

ences. 


Apu = f/>r 


\J — X—Apu\ 


p=r—Apu\ 


Values 

of 


r 



Temper- 

ature 

Centi- 

grade 

t 


8.647 

9.462 

10.132 

10.613 

11.006 

11.315 

11.561 

11.759 

11.921 

12.052 

12.154 

12.231 

12.281 

12.302 

12.302 


0 . 001 2 ') 


0.815 

0.670 

0.481 

0.393 

131.85 

134.65 

137.49 

140.42 

143.32 

2.80 

2.84 

2.93 

2.90 

131.85 

129.55 

127.20 

124.87 

122.43 

2.30 

2.35 

2.33 

2.44 

4.2580 

2.6751 

1.7507 

1.1819 

0.8185 

0 

10 

20 

30 

40 

0.309 

0.246 

0.198 

0.162 

0.131 

146.22 

149.07 

151.86 

154.59 

157.25 

2.90 

2.85 

2.79 

2.73 

2.66 

119.91 

117.26 

114.47 

111.54 

108.46 

2.52 

2.65 

2.79 

2.93 

3.08 

0.5797 

0.4187 

0.3082 

0.2307 

0.1755 

50 

60 

70 

80 

90 

0.102 

0.077 

0.050 

0.021 

0.000 

159.83 

162.33 

164.76 

167.12 

169.39 

2.58 

2.50 

2.43 

2.36 

2.27 

105.22 

101.83 

98.28 

94.58 

90.72 

3.24 

3.39 

3.55 

3.70 

3.86 

0.1355 

0.1061 

0.0841 

0.0675 

0.0547 

100 

110 

120 

130 

140 


X 


TECHNICAL THERMODYNAMICS. 



FRENCH UNITS. 

Saturated Vapor 


1. 

Temperature 

Centigrade 

t 

2. 

Absolute 

Temperature 

T 

3. 

Steam Pressure 
in Millimeters 
of Mercury 

V 

(Regnault) 

4. 

Differential 
Coefficient 
in Millimeters 
of Mercury 
dp 
dt 

5. 

dp 

pdt 

0 

273 

63.33 

3.769 

0.059510 

10 

283 

110.32 

5.726 

0.051910 

20 

293 

180.08 

8.349 

0.046364 

30 

303 

280.05 

11.797 

0.042125 

40 

313 

419.35 

16.242 

0.038733, 

50 

323 

608.81 

21.858 

0.035903 

60 

333 

860.96 

28.808 

0.033460 

70 

343 

1189.90 

37.237 

0.031294 

80 

353 

1611.05 

47.266 

0.029338 

90 

363 

2140.82 

58.971 

0.027546 

100 

373 

2796.20 

72.391 

0.025889 

110 

383 

3594.33 

87.515 

0.024348 

120 

393 

4551.95 

104.271 

0.022917 

130 

403 

5684.90 

122.555 

0.021558 

140 

413 

7007.64 

142.199 

0.020292 


Saturated Vapor 


1. 

2. 


3. 


4. 


Tempera- 

Total 






ture 

Differ- 

Heat of 

Differ- 

Latent 

Differ- 

Centi- 

grade 

Heat 

1 ences 

Liquid 

nt 

ences 

Heat 

ences 


;i 


q = j^cdt 





(Regnault) 


(Regnault 





0 

10 

20 

30 

40 


140.50 

144.11 

147,62 

151,03 

154.33 


3.61 

3.51 

3.41 

3.30 


0.00 

5.10 

10.29 

15.55 

20.89 


5.10 

5.19 

5.26 

5.34 


140.50 

139.01 

137.33 

135.48 

133.44 


1.49 

1.68 

1.85 

2.04 


50 

60 

70 

80 

90 


157.53 

160.63 

163.62 

166.51 

169.30 


3.20 

3.10 

2.99 

2.89 

2.79 


26.31 

31.81 

37.39 

43.05 

‘48.79 


5.42 

5.50 

5.58 

5.66 

5.74 


131.22 
128.82 

126.23 
123.46 
120.51 


2.22 

2.40 

2.59 

2.77 

2.95 


100 

110 

120 

130 

140 


171.98 

174.56 

177.04 

179.42 

181.69 


2.68 

2.58 

2.48 

2.38 

2.27 


54.61 

60.50 

66.48 

72.54 

78.67 


5.82 

5.89 

5.98 

6.06 

6.13 


117.37 

114.06 

110.56 

106.88 

103.02 


3.14 

3.31 

3.50 

3.68 

3.86 


APPENDIX. 


IX 


FRENCH UNITS. 

of Alcohol. Table 3a. 


6. 

T.-iS. 

pdt 

7. 

u at 

1 

GO 1 

1! 

9. 

1 

1. 

Temperature 

Centigrade 

t 

18.099 

7.37 

6.96 

0.05525 

0 

17.736 

13.78 

13.00 

0.05638 

10 

17.222 

24.55 

23.13 

0.05806 

20 

16.668 

41.97 

39.35 

0.05999 

30 

16.104 

69.03 

64.74 

0.06210 

40 

15.541 

109.58 

102.53 

0.06435 

50 

14.982 

168.24 

157.01 

0.06674 

60 

14.431 

250.41 

233.06 

0.06930 

70 

13.887 

362.01 

335.94 

0.07201 

80 

13.354 

509.27 

471.13 

0.07488 

90 

12.831 

698.46 

644.03 

0.07793 

100 

12.320 

935.37 

859.45 

0.08117 

no 

11.821 

1225.05 

1121.42 

0.08459 

120 

11.335 

1571.38 

1432.42 

0.08822 ■ 

130 

10.863 

1976.63 

1794.67 

0.09206 

140 

10.404 

2441.48 

2206.81 

0.09612 

150 


of Alcohol. Table 3b. 


5. 


6. 


7. 


8. 

1. 

Outer 


Steam 

Heat 


Inner 


Values 

Temper- 

Latent 

Heat 

Differ- 

ences 

Differ- 

ences 

Latent 

Heat 

Differ- 

ences. 

off 

““ /r \ 

ature 

Centi- 

Apu = (l>r 


J ^ A—Apu 


p=r — Apu 


fc) 

gr^de 

1 







0.0013) 

r 


13.067 

0.398 

0.504 

0.460 

0.368 

223.43 

7.51 

7.09 

5.54 

3.63 

223.43 

-1.92 
-1.26 
TO. 53 
2.59 

32.0875 

0 

13.465 

230.94 

225.35 

17.3298 

10 

13.969 

14.429 

238.03 

243.57 

226.61 

226.08 

9.7985 

5.7309 

20 

30 

14.797 

247.20 

223,49 

3.4516 

40 


0.247 


1.76 


4.74 



15.044 

0.149 

0.094 

0.057 

0.084 

248.96 

0.85 
TO. 10 
-0.05 
TO. 71 

218.75 

6.31 

7.11 

7.58 

7.15 

2.1334 

50 

15.193 

249.81 

212.44 

1.3529 

.60 

15.287 

15.344 

249.91 

249.86 

205.33 

197.75 

0.8810 

0.5887 

70 

80 

15.428 

250.57 

190.60 

0.4045 

90 


0.090 


1.21 


1 7.00 



15.518 

0.136 

0.149 

0.166 

0.215 

251.78 

2.17 

2.75 

3.33 

4.29 

183.60 

6.39 

6.18 

5.98 

5.43 

0.2850 

100 

15.654 

253.95 

177.21 

0.2062 

no 

15.803 

256.70 

171.03 

0.1525 

120 

15.969 

260.03 

165.05 

0.1152 

130 

16.184 

264.32 

159.62 

0.0889 

140 


0.202 


4.59 


5.53 



16.386 


268.91 


154.09 i 


0.0698 

150 



Vlli 


TECHNICAL THERMODYNAMICS. 


FRENCH UNITS. 


Saturated Vapor 


1. 

Tenaperature 

Centigrade 

t 

2 . 

Absolute 

Temperature 

T 

i 

3. 

Steam Pressure 
in Millimeters 
of Mercury 

P 

(Regnault) 

4. 

Differential 
Coefficient 
in Millim^ ters 
of Mercury 
dp 
dt 

5. 

dp 

pdt 

0 

273 1 

12.70 i 

0.8419 

0.066295 

10 

283 

24.23 

1.5185 

0.062672 

20 

293 

44.46 

2.6133 

0.058779 

30 

303 

78.52 

4.3193 

0.055009 

40 

313 

133.69 

6.8784 

0.051450 

50 

323 

219.90 

10.580 

0.048114 

60 

333 

350.21 

15.757 

0.044992 

70 

343 

541.15 

22.767 

0.042072 

80 

353 

812.91 

31.981 

0.039342 

90 1 

363 

1189.30 

43.752 

0.036788 

100 

373 

1697.55 

58.397 

0.034401 

110 

383 

2367.64 

76.162 

0.032168 

120 

393 

3231.73 

97.211 

0.030080 

130 

403 

4323.00 

121.597 

0.028128 

140 

413 

5674.59 

149.255 

0.026302 

150 

423 

7318.40 

179.998 

0.024595 


Saturated Vapor 


1 . 

Tempera- 

ture 

Centi- 

grade 

t 


0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 


2. 


3. 


4. 


Total 

Heat 

Differ- 

ences 

Heat of 
the Liquid 

Differ- 

ences 

Latent 

Heat 

Differ- 

ences 

I 


q-f‘cdt 


r= X-q 


(Regnault) 


(Regnault) 




236.50 
244.40 

252.00 

258.00 

262.00 

264.00 

265.00 
265.20 
265.20 

266.00 

267.30 
269.60 

272.50 
276.00 

280.50 

285.30 

7.90 
7.60 
6.00 

4.00 

2.00 

1.00 

0.20 

0.00 

0.80 

1.30 

2.30 

2.90 

3.50 

4.50 

4.80 

0.00 

5.59 

11.42 

17.49 

23.71 

30.21 

37.37 

44.58 

52.11 

59.97 

68.18 

76.74 

85.67 

94.98 
104.70 

114.82 

5.59 

5.83 

6.07 

6.22 

6.50 

7.16 

7.21 
7.53 
7.86 

8.21 

8.56 

8.93 

9.31 

9.72 

10.12 

236.50 
238.81 
240.58 

240.51 
238.29 

233.79 
227.63 
220.62 
213.09 
206.03 

199.12 
192.86 
186.83 
. 181.02 

175.80 

1 170.48 

-2.31 

-1.77 

4-0.07 

2.22 

4.50 

6.16 

7.01 

7.53 

7.06 

6.91 

6.26 

6.03 

5.81 

5.22 

5.32 


APPENDIX. 


VII 


FRENCH UNITS. 

of Ether. Table 2a. 


6. 

y dp 
pdt 

7. 

u dt 

(1 

1 

9. 

Apu__ 
r ^ 

1. 

Temperature 

Centigrade 

t 

12.497 

73.89 

67.98 

0.08002 

0 

12.061 

110.93 

101.73 

0.08291 

10 

11.628 

161.36 

147.49 

0.08600 

20 

11.200 

227.98 

207.62 

0.08929 

30 

10.781 

313.57 

284.48 

0.09275 

40 

10.374 

420.74 

380.18 

0.09640 

50 

9.982 

552.15 

496.83 

0.10018 

60 

9.610 

710.25 

636.34 

1.10406 

70 

9.264 

897.93 

801.00 

0.10794 

80 

8.951 

1118.90 

993.90 

0.11172 

90 

8.683 

1379.21 

1220.37 

0.11516 

100 

8.475 

1688.97 

1489.69 

0.11799 

110 

8.348 

2066.46 

1818.93 

0.11978 

120 


of Ether. Table 2b. 


5. 


6. 


7. 


8. 

1. 

Outer 

Latent 

Heat 

Differ- 

ences 

Steam 

Heat 

Differ- 

ences 

Inner 

Latent 

Heat 

Differ- 

ences 

Values 

of 

r } 

W = -7 r 

Temper- 

ature 

Centi- 

grade 

i 


J — Ayw 


p=^r—Apu 


ii) 

0.0013) 

t 

7.521 

7.721 

7.919 

8.113 

8.300 

0.200 

0.198 

0.194 

0.187 

86.48 

90.72 

94.86 

98.89 

102.81 

4.24 

4.14 

4.01 

3.92 

86.48 

85.40 

84.16 

82.75 

81.18 

1.08 

1.24 

1.41 

1.57 

1.2721 

0.8394 

0.5707 

0.3985 

0.2853 

0 

10 

20 

30 

40 

0.175 


3.83 


1.73 



8.475 

8.635 

8.772 

8.876 

8.937 

0.160 

0.137 

0.104 

0.061 

106.64 

110.37 

114.01 

117.56 

121.06 

3.73 

3.64 

3.55 

3.50 

79.45 

77.57 

75.53 

73.35 

71.06 

1.88 

2.04 

2.18 

2.29 

0.2089 

0.1561 

0.1186 

0.0916 

0.0715 

50 

60 

70 

80 

90 

-0.003 


3.45 


2.41 



8.934 

8.850 

8.655 

-0.084 

-0.195 

124.51 

127.93 

131.35 

3.42 

3.42 

68.65 

66.16 

63.61 

2.49 

2.55 

0.0562 

0.0444 

0.0350 

100 

no 

120 


VI 


TECHNICAL THERMODYNAMICS. 


FRENCH UNITS. 

Saturated Vapor 


1. 

Temperature 

Centigrade 

t 

2. 

Absolute 

Temperature 

T 

3. 

Steam Pressure 
in Millimeters 
of Mercury 

P 

(Regnault) 

4. 

Differential 
Coefficient 
in Millimeters 
of Mercury 
dp 
dt 

5. 

dp 

pdt 

0 

273 

184.39 

8.441 

0,045778 

10 ' 

283 

286.83 

12.224 

0.042619 

20 

293 

432.78 

17.175 

0.039685 

30 

303 

634.80 

23.464 

0.036963 

40 

313 

907.04 

31.242 

1 

0.034444 

50 

323 

1264.83 

40.622 

0.032117 

60 

333 

1725.01 

51.709 

0.029976 

70 

343 

2304 .90 

64.576 

0.028017 

80 

353 

3022.79 

79.327 

0.026243 

90 

363 

3898.26 

96.127 

0.024659 

100 

373 

4953.30 

115.313 

0.023280 

110 

383 

6214.63 

137.523 

0.022129 

120 

393 

7719.20 

163.979 . 

0.021243 


Saturated Vapor 


! 1- 

2. 


3. 


4. 


; Tempera^ 







! tur^ 

Total 

Differ- 

Heat of 

Differ- 

Latent 

Differ- 

; Centi- 

j grade 

Heat 

ences 

the Liquid 

ences 

Heat 

ences 

1 « 

A 


q=£cdt 


r = A—g 


1 

(Regnault) 


(Regnault) 




0 

: 10 

: 20 

30 

: 40 

94.00 

98.44 

102.78 

107.00 

111.11 

4.44 

4.34 

4.22 

4.H 

0.00 

5.32 

10.70 

16.14 

21.63 

5.32 

5.38 

5.44 

5.49 

94.00 

93.12 

92.08 

90.86 

89.48 

0.88 

1.04 

1.22 

1.38 



4.00 


5.56 


1.56 

50 

60 

70 

80 

90 

115.11 ! 

119.00 
122.78 
126.44 

130.00 

3.89 

3.78 

3.66 

3.56 

27.19 

32.80 

38.48 

44.21 

50.00 

5.61 

5.68 

5.73 

5.79 

87.92 

86.20 

84.30 

82.23 

80.00 i 

1.72 

1.90 

2.07 

2.23 



3.44 


5.86 


2.42 

100 

110 

120 

133.44 

136.78 

140.00 

3.34 

3.22 

55.86 

61.77 

67.74 

5.91 

5.97 

77.58 

75.01 

72.26 

2.57 

2.75 
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V 


FRENCH UNITS. 

of Water. Table lb. 


5. 

Outer 

Latent 

Heat 

Apu~(j)r 

Differ- 

ences 

6. 

Steam 

Heat 

J = ^—Apn 

29.570 

0.357 

0.369 

0.381 

0.394 

570.83 

29.927 

572.00 

30.296 

573.15 

30.677 

574.30 

31.071 

575.43 

31.475 

0.404 

0.417 

0.426 

0.437 

576.55 

31.892 

577.66 

32.318 

578.76 

32.755 

579.84 

33.201* 

0.446 

0.455 

0.463 

0.469 

0.476 

580.92 

33.656 

581.99 

34.119 

583.06 

34.588 

584.11 

35.064 

585.16 

35.544 

0.480 

0.483 

0.485 

0.484 

0.482 

586.21 

36.027 

587.25 

36.512 

588.29 

36.996 

589.33 

37.478 

590.37 

37.955 

0.477 

0.470 

0.460 

0.447 

0.430 

591.42 

38.425 

592.47 

38.885 

593.54 

39.332 

594.62 

39.762 

595.71 

40.205 

0.443 

0.426 

0.417 

0.409 

0.401 

596.79 

40.631 

597.8 ' 

41.048 

599.00 

41.457 

600.12 

41.858 

601.24 

42.250 

0.392 

0.384 

0.376 

0.367 

0.358 

602.37 

42.634 

603.52 

43.010 

604.66 

43.377 

605.82 

43.735 

606.99 

44.086 

0.351 

0.342 

0.333 

0.325 

0.317 

608.16 

44.428 

609.35 

44.761 

610.54 

45.0'^6 

611.74 

45.403 

612.95 

45.711 

0.308 
0.299 
0.292 
0.285 
0.275 j 

614.16 

46.012 

615.39 

46.304 

616.62 

46.589 

617.86 

46.864 

619.11 

47.133 

0.269 

620.37 1 


7. 


8 . 


Differ- 

ences 


Inner 

Latent 

Heat 


Differ- 

ences 


p—r—Apu\ 


Values 

of 


r 



1 . 

Temper- 

atuie 

Centi- 

grade 

t 


1.17 

1.15 

1.15 

1.13 

1.12 

1.11 

1.10 

1.08 

1.08 

1.07 

1.07 

1.05 

1.05 


1.05 

1.04 

1.04 

1.04 

1.04 


1.05 

1.05 

1.07 

1.08 

1.09 

1.08 

1.10 
1.11 
1.12 
1.12 

1.13 

1.15 

1.14 

1.16 
1.17 

1.17 

1.19 
1.21 

1.20 
1.21 

1.21 

1.23 

1.23 

1.24 

1.25 

1.26 


(>7=0.0010) 


590.82 

3.83 

3.84 

3.85 
3.87 

994.78 

-20 

586.99 

666.59 

-15 

583.15 

451.42 

-10 

579.30 

307.33 

- 5 

575.43 

, 210.68 

0 

571.55 

3.88 

3.89 

3.91 

3.92 

150.24 

5 

567.66 

108.52 

10 

563.75 

79.354 

15 

559.83 

58.726 

20 

555.91 

3.92 

3.94 

3.95 

3.96 

3.97 

43.967 

25 

551.97 

33.269 

30 

548.02 

25.438 

35 

544.06 

19.646 

40 

540.09 

15.316 

45 

536.12 

3.97 

3.98 

3.99 
3.99 
3.99 

12.050 

50 

532.14 

9.5622 

55 

528.15 

7.6538 

60 

524.16 

6.1717 

65 

520.17 

5.0144 

70 

516.18 

3.99 

3.99 

3.98 

3.97 

3.97 

4.1028 

75 

512.19 

3.3792 

80 

508.21 

2.8006 

85 

504.24 

2.3346 

90 

500.27 

1.9568 

95 

496.29 

3.98 

3.96 

3.97 
3.96 

3. 96 

1.6498 

100 

492.33 

1.3979 

105 

488.36 

1.1904 

110 

484.40 

1.0185 

115 

480.44 

0.8753 

120 

476.48 

3.96 

3.96 

3.96 

3.95 

3.95 

0.7556 

125 

472.52 

0.6549 

130 

468.56 

0.5699 

135 

464.61 

0.4977 

1^0 

460.66 

0.4363 

145 

456.70 

3.96 

3.95 

3.95 

3.95 

3.96 

0.3839 

150 

452.75 

0.3388 

155 

448.80 

0.3001 

160 

444.85 

0.2665 

165 

440.89 

0.2375 

170 

436.94 

3.95 

3.95 

3.95 

3.96 
3.95 

0.2122 

175 

432.99 

0.1901 

180 

429.04 

0.17OS 

185 

425.08 

0.1538 

190 

421.13 

0.1389 

195 

417.17 

3.96 1 

0.1257 

200 
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FRENCH UNITS. 


Saturated Vapor 


1. 

2. 


3. 


4. 


Tempera- 

Total 

Differ- 

Heat of 

Differ- 

Latent 

Differ- 

Centi- 

Heat 

ences 

the Liquid 

ences 

Heat 

ences 

grade 

t 

;i 


q^flcdt 


T^X — q 



(Regnault) 


(Regnault) 

t 1 

1 

1 


-20 
-15 
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- 5 
0 
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20 

25 

30 
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40 

45 

50 
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90 

95 

lOO 
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120 
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140 
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155 

160 
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180 

185 

190 

195 

200 


600.400 

601.925 

603.450 

604.975 

606.500 

608 .025 
609.550 
611.075 
612.600 

614.125 

615.650 

617.175 

618.700 

620.225 

621.750 

623.275 

624.800 

626.325 

627.850 

629.375 

630.900 

632.425 

633.950 

635.475 

637.000 

638.525 

640.050 

641.575 

643.100 

644.625 

646.150 

647.675 

649.200 

650.725 

652.250 

653.775 

655.300 

656.825 

658.350 

659.875 

661.400 

662.925 

664.450 

665.975 

667.500 


1.525 

( i 
( t 
(( 

c t 
i c 
1 1 
( { 


t i 


( c 
( ( 
t c 
t i 
1 1 

i t 
1 1 
t i 
t ( 

( ( 

t i 
1 1 
( ( 

( t 
t f 

i i 

n 

it 
1 1 
it 

it 
it 
i t 
i t 
it 

it 
if 
it 
i < 
i t 


-19.994 

-14.996 

- 9.998 

- 4.999 
0 

5.000 

10.002 

15.005 

20.010 

25.017 

30.026 

35.037 

40.051 

45.068 

50.087 

55.110 

60.137 

65.167 

70.201 

75.239 

80.282 

85.329 

90.381 

95.438 

100 500 
105.568 
110.641 
115.721 
120.806 

125.898 

130.997 

136.103 

141.215 

146.334 

151.462 
156.598 
161 .741 
166.892 
172.052 

177.220 

182.398 

187.584 

192.780 

197.985 

203.200 


4.998 

4.998 

4.999 
4.999 

5.000 

5.002 

5.003 
5.005 

5.007 

5.009 

5.011 

5.014 

5.017 

5.019 

5.023 

5.027 

5.030 

5.034 

5.038 

5.043 

5.047 

5.052 

5.057 

5.062 

5.068 

5.073 

5.080 

5.085 

5.092 

5.099 

5.106 

5.11? 

5.119 

5.128 

5.136 

5.143 

5.151 

5.160 

5.168 

5.178 

5.186 

5.196 

5.205 

5.215 


620.394 

616.921 

613.448 

609.974 

606.500 

603.025 

599.548 

596.070 

592.590 

589.108 

585.624 

582.138 

578.649 

575.157 

571.663 
568.165 

564.663 

561.158 

557.649 


554.136 

550.618 

547.096 

543.569 

540.037 

536.500 

532.957 

529.409 

525.854 

522.294 

518.727 

515.153 

511.572 

507.985 

504.391 

500.788 

497.177 

493.559 

489.933 

486.298 

482.655 

479.002 

475.341 

471.670 

467.990 

464.300 


3.473 

3.473 

3.474 

3.474 

3.475 

3.477 

3.478 
3.480 

3.482 
3 . 484 
3 . 486 
3.489 
3.492 

3.494 

3.498 

3.502 

3.505 

3.509 

3.513 

3.518 

3.522 

3.527 

3.532 

3.537 

3.543 

3.548 

3.555 

3.660 

3.567 

3.571 

3.581 

3.687 

3.594 

3.603 

3.611 

3.618 

3.626 

3.635 

3.643 

3.653 

3.661 
3.671 
3.680 

3.690 
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of Water. Table la. 


FRENCH UNITS. 


6. 

7. 



pdt 

u dt 

20.980 

0.6236 

20.614 

0.9255 

20.249 

1.35S9 

19.884 

1.9847 

19.520 

2.879 

19.158 

4.014 

18.799 

5.524 

18.444 

7.510 

18.091 

10.089 

17.743 

13.399 

17.400 

17.602 

17.062 

22.884 

16.730 

29.454 

16.403 

37.550 

16.083 

47.437 

15.771 

59.407 

15.465 

73.785 

15.168 

90.924 

14.879 

111.209 

14.600 

135.064 

14.329 

162.943 

14.069 

195.350 

13.820 

232.829 

13.582 

275.982 

13.344 

325.198 

13.117 

381.249 

12,897 

444.735 

12,684 

516.312 

12.478 

596.678 

12.277 

686.544 

12.083 

786.640 

11.894 

897.716 

11.711 

1020.528 

11.533 

1155.848 

11.359 

1304.457 

11.191 

1467.141 

11.026 

1644.701 

10.866 

1837.898 

10.711 

2047.526 

10.559 

2274.350 

10.410 

2519.129 

10.265 

2782.606 

10.124 

3065.498 

9.986 

3368.494 

9.851 

3692.293 


8. 

u u ^ 

9. 

r 

0.5939 

0.047664 

0.8810 

0.048510 

1.2918 

0.049386 

1.8849 

0.050293 

2.732 

0.051229 

3.805 

0.052196 

5.230 

0.053193 

7.103 

0.054219 

9.531 

0.055274 

12.644 

0.056358 

16.590 

0.057470 

21.543 j 

0.058609 

27.693 

0.059774 

35.261 

0.060964 

44,488 

0.062176 

55.641 

0.063409 

69.013 

0.064661 

84.930 

0.065927 

103.736 

0.067206 

125.813 

0.068494 

151.572 

0.069786 

181,464 

0.071076 

215.982 

0.072359 

255.662 

0.073628 

300.827 

0.074940 

352.184 

0.076236 

410.252 

0.077536 

475.607 

0.078838 

548.849 

0.080143 

630.624 

0,081450 

721.537 

0.082761 

822.242 

0.084075 

933.385 

0.085391 

1055.624 

0.086709 

1189.621 

0.088034 

1336.037 

0-089361 

1495.541 

0.090691 

1668.765 

0.092026 

1856.359 

0.093365 

2058.948 

0.094709 

2277.146 

0.096059 

2511.544 

0.097413 

2762.707 

0.098774 

3031 . 171 

0.100140 

3317.474 

0.101514 ^ 
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FRENCH UNITS. 


Saturated Vapor 


1. 

Temperature 

Centigrade 

t 

2. 

Absolute 

Temperature 

T 

3. 

Steam Pressure 
in Millimeters 
of Mercury 

V 

(Regnault) 

4. 

Differential 
Coefficient 
in Millimeters 
of Mercury 
dp 
dt 

5. 

dp 

pdt 

-20 

253 

0.927 

0.07687 

0.082926 

-15 

258 

1.400 

0.11186 

0.079900 

-10 

263 

2.093 

0.16114 

0.076991 

- 5 

268 

3.113 

0.23096 

0.074193 

0 

273 

4.600 

0.3289 

0.071502 

V 5 

278 

6.534 

0.4503 

0.068915 

10 

283 

9.165 

0.6088 

0.066429 

15 

288 

12.699 

0.8132 

0.064041 

20 

293 

17.391 

1.0738 

0.061746 

25 

298 

23.550 

1.4022 

0.059542 

30 

303 

31.548 

1.8117 

0.057427 

35 

308 

41.827 

2.3171 

0.055397 

40 

313 

54.906 

2,9347 

0.053449 

45 

318 

71.390 

3.6825 

0.051582 

60 

323 

91.980 

4.5800 

0.049794 

55 

328 

117.475 

5.6484 

0.048084 

60 

333 

148.786 

6.9100 

0.046443 

65 

338 

186.938 

8,3891 

0.044876 

70 

343 

233.082 

10.111 

0.043380 

75 

348 

288.500 

12.104 

0.041953 

80 

353 

354.616 

14.395 

0.040594 

85 

358 

433.002 

17.017 

0.039300 

90 

363 

525.392 

20.002 

0.038072 

95 

368 

633.692 

23.388 

0.036907 

100 

373 

760.000 

27.189 

0.035775 

105 

378 

906.410 

31 .454 

0.034701 

110 

383 

1075.370 

36.212 

0.033674 

115 

388 

1269.410 

41 .499 

0.032691 

120 

393 

1491.280 

47.348 

0.031750 

125 

398 

1743.880 

53.795 

0.030848 

130 

403 

2030.280 

60.873 

0.029982 

- 135 

408 

2353.730 

68.617 

0.029152 

140 

413 

2717.630 

77.060 

0.028355 

145 

418 

3125.550 

86.234 

0.027590 

150 

423 

3581.230 

96.171 

0.026854 

155 

428 

4088.560 

106.901 

0.026146 

160 

433 

4651.620 

118.455 

0.025465 

165 

438 

5274.540 

130.858 

0.024809 

170 

443 

5961.660 

144.138 

0.024177 

175 

448 

6717.430 

158.319 

0.023568 

180 

453 

7546.390 

173.423 

0.022981 

185 

458 

8453.230 

189.470 

0.022414 

190 

463 

9442.700 

206.478 

0.021866 

195 

468 

10519.630 

224.462 

0.021337 

200 

473 

11688.960 

243.438 

0.020826 
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TECHNICAL THERMODYNAMICS. 


case of dry compression we have Vi =Ui + <7 for Xi=l; hei’O we 
must give a for carbonic acid the volume found in Table 10 lor 
the temperature h, and the volume of vapor that must then be 
drawn in per second is Gyi- 

Furthermore, if F is the cross-section of the compressor piston, 
s its stroke, and if the double-acting machine makes n revolutions 
per minute, then the volume swept through by the piston per 
second is 

Fsn 

and if we introduce the coefficient <f> which in good machines is to 
be taken from 1.2 to 1.3, we get the relation 

^ = (40) 

If d is the piston diameter and if we assume the ratio s:d, 
we can calculate d from equation (40); for the ratio e:d 
Linde takes 1.5 to 1.75 for ammonia, 3 to 4 for carbonic acid, 
and 2 to 2.2 for sulphurous acid. 

The theoretical value for the driving work per second of the 
compressor can be found from equation (31) or (38), where G is to 
be substituted from the preceding formula. 


DIMENSIONS OF THE COMPRESSOR. 


487 


Although the preceding calculations and recent, careful experi- 
ments 1 have shown that the carbonic-acid machine effects a cer- 
tain production of cold in the neighborhood of the critical tem- 
perature and even somewhat beyond it (which was formerly 
doubted by the author), nevertheless when we essay a thorough, 
theoretical examination of the question we encounter difficulties 
which cannot as yet be overcome and which further physical inves- 
tigations must clarify. 

In deriving the heat equations for mixtures of vapor and liquid 
(§ 8, p. 53) and when applying these equations, we and others 
have always assumed that the specific volume a of the liquid 
may be regarded as a constant quantity during the changes of 
state. 

But this assumption is no longer fulfilled by vapors in the 
neighborhood of the critical point, for here the value a experiences 
a comparatively large increment. According to Amagat's 
experiments this variation (see Table 10 of the Appendix) may be 
regarded as sufficiently known; but this reacts on the heat of the 
liquid q and on the heat of evaporation r, so that the tabular data 
respecting them seem still more uncertain than before. This field 
is still open for theoretical and experimental investigations. 


§ 63. CALCULATION OF THE DIMENSIONS OF THE 
COMPRESSOR. 

In calculating a machine there is usually prescribed the heat 
quantity Qu which must be withdrawn hourly from the brine 
in the evaporator; with its help we get the heat quantity Q per 
second, and then the corresponding weight Q of the vapor which 
the compressor must suck in per second; in so doing we use, 
respectively, equations (28a) and (34), where the temperature 
values tij hy and tz are regarded as known. 

If vi is the specific volume of the sucked-in vapor, then for 
wet compression we have Vi =xiUi 4- a for X 2 =1, and for the other 

1 Linde, "‘Zur Theorie der Kohlensaure- (Kaltdampf-) Maschine.’^ Zeit- 
schrift des Vereins deutscher Ingenieure, Vol. 39, 1895, p. 124. 
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If we now add the two equations (35) and (37) we get the work 
Lc necessary to run the compressor from 

ALc=G[cJ,{T-T2) + (r2+q2)-in+q^)+Aa(p2-Pl)], . (38) 


where the temperature T is determined from equation (36). The 
efficiency of the machine is then calculated as before (equation 33), 
and is 


Q iT2-T{) 

'^~ALc Ti ' 


(39) 


where Q is found from equation (34). 

Example. In an ammonia machine (cold-vapor engine) let us 
assume, as in example 1, p. 483, the temperature in the evaporator to be 
[+14^] and the temperature corresponding to the condenser 
pressure to be 4-20® [68®]. With the help of Table 8 of the Appendix 
and Cp = 0.5084, we get from equation (36) the temperature of the super- 
heated steam at the end of the compression : 

r=344® or j5 = 71®C. 

[r = 619.2® or ^ - 159.8® P.]. 

The work ALc for the compressor is found from equation (38) : 

37.078 G [66.74]. 

From equation (34) we calculate 

<?= (310.892 -^3)G 
[(3 = (559.606 ~53)G]. 

If we now substitute the temperature U at the regulating valve, namely, 

^* = 10® or ^ 3 = 20 ® 

[«3 = 50® or is -68®], 

then calculation gives 

Q = 34.261G and Q=32.963C7 
[Q = 61 .67 G and Q - 59.333 G], 

and finally from equation (39) 

ly — 0.924 and 1 ?=* 0.889. 

We can treat in a similar way the special cases for carbonic 
acid, particularly those in which the temperature values lie in the 
vicinity of the critical temperature. 
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In both figures the hatched area gives the driving work L 
according to the combination of equation (31) with equation (39) 
and with 3:2 = 1, so that we have 

AL=G\^J,T^~T{)+q2-q,-T,{T2- x^) i-Aain-Vi)]- ( 35 ) 

On account of the superheating to T there must be added 
the work L', which in Fig. 52fl and in Fig. 526 is represented by the 
area of the curved quadrilateral T 2 TTid. The curves Tad and TTi 
are adiabatics which, in the entropy diagram, are represented by 
vertical lines; here the point Ti lies on the limit curve for a:i =1. 

If Cp is the specifilc heatof the vapor at constant pressure (which 
will be assumed as constant), then for the passage fronn one adia- 
batic to the other the change of entropy AP is 

T 

J.P=Cplog«^; 

on the other hand for the pass ge T^Tion the hmit curve, we 
have 

Equating, we get 

Cp logc ^ = (^ + ^ 1 )— "^ 2 ) , - . . (36) 

from which equation there now results the temperature T of the 
superheated vapor at the end of the compression in the compressor. 

The whole area lying under the curve T^T is determined by 
Cp(T—T 2 ') and the area l 5 fing under Tid hy APTi, and hence the 
corresponding work U follows from 

AL' =G[cp(T - Tz) -APTxl 

or with equation (36), 

Ah'=(?[cp(T-n) + ^r2-ri-h7’i(r2-ra)]. . (37) 
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[6S°] and is =30° [S6°]; then we obtain the following numerical results foi 
the efficiency: ^ 

~ 10° [14°] 4 -= 20° [68°] t , = 30° [86°] 

i3=10°[50°] 20°li^] 20°[68°] 30° [86^ 

7?= 0.797 0.650 0.612 0.268 

§ 62 . INFLUENCE OF SUPERHEATING IN THE COM- 
PRESSOR OF ACTUAL COLD-VAPOR ENGINES. 

Here we will subject to examinatiou the special case that the 
compressor draws in dry saturated vapor (:ri = 1) from the evapo- 
rator (dry compression). Then we at once get from equation 
(28a) for the heat withdrawn from the brine 


Q -G[qi +r^-qz-Aa{p2- pO] (34) 

Here the indicator diagram is like Fig. 52a, while the corre- 



sponding entropy diagram is represented by Fig. 526. 


1 According to Linde, '^Kalteerzeugungsmaschine’^ in Lueger’s Lexicon, 
der gesammten Technik, Yol. V, p. 353. This article embraces the latest 
researches in this field and was the basis of the investigations presented in the 
text above. The article also contains valuable data concerning experiments, 
on machines and concerning different constructive arrangements, and contains 
also the discussion of absorption machines, of cold-air engines, and of machines 
for generating the lowest temperatures, so that for further information we refer 
the reader to this excellent paper. 
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If the vapor at the end of the compression is to be just dry 
saturated, we get from equation (29), with X 2 = l, the steam quality 
Xi of the vapor sucked in from the evaporator. In this case the 
point c of Fig. 51 falls on the limit curve'. 


Example 1. In an ammonia refrigerating machine let the tempera- 
ture in the evaporator be —10° [ and when entering the condenser 
let the temperature be ^ 2 = +20° [68°J; according to Table 8 of the Appendix 
the corresponding pressures are 2.9227 [41.57] and p 2 = 8-7923 kg. per 
sq. cm. [125.05 lb. per sq. in.]. 

For X 2 = l (wet compression) we get from equation (29) the steam quality 
Xi during suction, 

0.933, 

and from equation (31) 

AL- 32.701 G. [58.862 G]. 

Now let the temperature U, with which the liquid reaches the regulating 
valve, be 10° [50°] at one time and at another be 20° [68°], we then get, 
respectively, for 

^3-10°[50°], ^3=-20°[68°], 
according to equation (27), 

re =0.0638, re, = 0.0993, 

and from equation (28), 


(2 = 278.80 G [501.84 GQ, Q = 267.42 G [481.36 G]] 
finally, from equation (23), the efficiency 

)? = 0.973, ^ = 0.933, 


which shows the influence of the undercooling. 

Example 2. In a carbonic acid refrigerating machine let 
the temperature in the evaporator again be — 10° [ + 14°J, and hence, accord- 
ing to Table 10 of the Appendix, the pressure there is pi= 27.1 kg, persq. cm. 
[385.45 lb. per sq. in.]. Let us now assume that the temperature corre- 
sponding to the condenser pressure is at one time ^2 = 20° [68°], and that at 
another time it is ^2=30° [86°], which in the latter case is very near the 
critical temperature (^a;==31°) [^a:=i 87.8°]. For a wet course of compres- 
sion (a: 2 =l) we calculate, in the same way as before, respectively 


a;, =0.813 and 0.668. 

Now suppose that in the first case we have at one time ^8=10° [50°] and 
again ^8 =20° [68°], and in the second case we have the two variations ^8=20° 
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way as in the derivation of equation (10), p. 468, 


AL=G[qi-qi^X2r2 


2X2 -XiTi+Aaip-js-pi) ]. 


. ( 31 ) 




0 p, P 

FtG. 51. 

In the entropy diagram (Fig. 51 b) the expressions for the se})- 
arate distances are 

— r- l’2^2 ^iT’l 

CLC — T2 OC fp j (Xd p . 

The area lying under the curve ah represents q^-qi, the area lying 
under he and ad representing X 2 r <2 and Xin respectively ; the hatchc'i 1 
area therefore measures the value 

q2-qi+X2r2-Xiri 

of equation (31). The curve gg stands for the limit curve and its 
transformation respectively. 

If a perfect cycle (Carnot) were under consideration, then 
to the heat quantity Q there would correspond a work Lm, accord- 
ing to equation (13), p. 469, 

ALm=‘Y{T2-T,); (32) 

hence the efficiency t) of the present machine is 

^ a ' „„ 

' L AL r, 


where Q and AL are to be determined from equations (30) and (31). 
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in the compressor, there will subsist the known relation (equa- 
tion (4)) 


, XzTz , XxTx 

The combination of the preceding equations gives 


. . (29) 


Q — (I^^X2'1'2 + Ti{‘T2 — ■ri) + 9l — 23 “"•4<7(232 jPl) Jj (30) 

from vhich Q can be directly computed. 

If we assume that the liquid from the condenser does not under- 
cool, but reaches the regulating valve with the temperature 
corresponding to the condenser pressure ya, then we must substi- 
tute in equation (27) q 2 in. place of qz and x^' in place of X 4 ; then 
we shall have 

r^Xi! = q2—q\ +-Aa(p2— ?>i)» 


and in combination with equation (27) 


ri 


and hence for the heat withdrawn from the brine 


Q = Gri {xi — Xi') = Gr^{xi — x*) — (r (22 - q&) ■ 


Comparison with equation (28) shows that undercooling from 
^2 to ts heightens the action of the evaporator by the amount 
G(g2— qz) ; this is a circumstance which needs special consideration 
in carbonic add engines working in the vicinity of the critical 
temperature. 

Now it is a question of determining the work L necessary for 
running the compressor. 

Fig. 51 tt represents the indicator diagram and Fig. 51 b its 
transformation, the entropy diagram. The driving work L of the 
machine, the necessary compression work, can be found ia the same 
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Let the liquid flow with the velocity w through the regulating 
valve, so that the unit of weight possesses the kinetic energy 
v? 

H = ignoring the resistances, this is composed of the following 


parts. 

During the exit from the condenser the liquid takes up the 
work (7p2, and while going through the valve expands adiabatically 
to the evaporator pressure pi and in so doing Xz kg. [lb.] of steam 
is formed; the work of expansion, according to earlier propositions, 
is therefore 


jiqs-qi-xs'pi), 


because the liquid on its way reaches the regulating valve with 
the temperature Tz or tz> 

During the entrance into the evaporator the constant pressure 
Pi must be overcome, which demands the work pi(xzUi-{-a); 
accordingly, collecting and considering the relation vi =pi i-ApiUij 
we get 

AH=qs-qi-X3'Ti+Aa{'p2-Pi) (26) 

In the evaporator the mass spreads out under constant pressure 
and goes into a state of rest, and in so doing the steam quality 
grows from xz to Xi, so that we also have 
AH=ri{xi-X3'). 

The combination of the last equations then gives 

riX4=q3-qi+Aff(p2-pi), (27) 

from which the steam quality x^ can be calculated. 

If the compressor sucks in per stroke a mass G kg. [lb.] of the 
steam quality xi, then xi—x^ is the increase per stroke in this 
quality, and accordingly the quantity of heat Q withdrawn from 
the brine is 

Q=Gri(xi-Xi), (28) 

or, with equation (27), 

Q=G^riXi-{q3-qi+Aa(p2-pi))'\. . . . (28a) 

If a :2 is the steam quality at the end of the adiabatic compression 
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in the compressor, there will subsist the knowa relation (equa- 
tion (4)) 


, jJir, 

"^2 ■>“ rj\ ^ * 


(29) 


The combination of the preceding equations gives 



X2r2+Ti(T2— Ti)4qi — 93 -A.a 



(30) 


from which Q can he directly computed. 

If we assume that the liquid from the condenser does not under- 
cool, but reaches the regulating valve with the temperatTire ^ 2 , 
corresponding to the condenser pressure pz, then we must substi- 
tute in equation (27) qs in place of qs and x/ in place of Xt ; then 
we shall have 

rix^' = ? 2 - qi +AaCp2- Pi), 


and in combination with equation (27) 


x/=Xi-l -— — 

ri ' 


and hence for the heat withdrawn from the brine 


Q = Gri(xi- X4')=0ri(xi- Z4)-Gi,q2-qz). 


Comparison with equation (28) shows that undercooling front 
tatots heightens the action of the evaporator bf the amount 
(r( 92 — qs); this is a circumstance which needs special consideration 
in carbonic acid engines workbg in the vicinity of the critical 
temperature. 

Now it is a question of determining the work L necessary for 
running the compressor. 

Fig. 51 a represents the indicator diagram and Fig. 51 5 its. 
transformation, the entropy diagram. The driving work L of the 
machine, the necessary compmssion work, can be found in the same 
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Let the liquid flow with the velocity w through the re 
valve, so that the unit of weight possesses the kinetic 

o 

Uj 

H=-^; ignoring the resistances, this is composed of the f' 
parts. 

During the exit from the condenser the liquid takes 
work (7^2, and while going through the valve expands adial 
to the evaporator pressure fi and in so doing kg. [lb.] c 
is formed; the work of expansion, according to earlier propc 
is therefore 

j(33-gi-2:3>i), 


because the liquid on its way reaches the regulating valv 
the temperature T3 or U. 

During the entrance into the evaporator the constant p; 

Pi must be overcome, which demands the work piixs'i 
accordingly, collecting and considering the relation ri=pi+. 
we get 

AH^qz~(li—Xzri+Aa{p2-pi) 

In the evaporator the mass spreads out under constant pr 
and goes into a state of rest, and in so doing the steam q 
grows from Xz to 24, so that we also have 
AH-=ri{xi~Xz'). 

The combination of the last equations then gives 

riXi=-qz-qiAAaipz-pi), 

from which the steam quality 24 can be calculated. 

If the compressor sucks in per stroke a mass G kg. [lb.] c 
steam quality xi, then 21—24 is the increase per stroke in 
quality, and accordingly the quantity of heat Q withdrawn 
the brine is 

Q = Gri{xi-Xi), 

or, with equation ( 27 ), 

Q=G^riXi-{qz-qi+Aa(p2-pi))'j. . . . ( 

If 22 is the steam quality at the end of the adiabatic compret 
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is surrounded by cooling water, ■whicb enters the enveloping easing 
with the temperature Tz and is discharged and led away with 
the temperature Tz- The compressor sucks the vapor from the 
evaporator V, compresses it, and forces it into the condensin' coil 
in which the pressure ps every where prevails; above, at the 
entrance, the mixture of vapor and liquid has a temperature 
Tz corresponding to the saturation pressure P 2 ; the vapor con- 
denses and, under the influence of the opposite current of the coid ing 
w'ater, reaches the lower end with the temperature 2 ^ 3 . As the 
mediating body, -which is here completely liquefied, is still subject 
to the pressure p 2 , but has Tz <Ti, -we say that the liquid at this 
place is "undercooled.” 

The problem now is to return the liquid to the evaporator- In 
the theoretically perfect machine (Fig. 48, p. 463) this was accom- 
plished by the feed- or 
expansion-cylinder, and in 
so doing it was further- 
more assumed that every- 
where there prevailed the 
same temperature fa, so 
that Tz = T 2 . It was 
mainly due to this last 
assumption that in trans- 
ferring the propositions of 
§59, p. 463, to actual 
machines, particularly to 
the carbonic acid (cold- 
vapor) machine, results 
were obtained which were 
not in harmony with the 
observations. 

The actual machines possess n 0 expansion-cylinder; as the 
pressure in the condenser is greater than in the evaporator, the two 
spaces are simply connected by a pipe, provided with a regulating 
valve R (Fig. 50), through which the liquid can be forced directly 
back to the evaporator. 

Let us now consider this mode of transfer. 
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liquid, the changes of temperature of the brine. We may well 
express doubt as to the permissibility of this assumption, particu- 
larly when we consider the fact that the mixture of vapor and liquid 
is everywhere under the same pressure in the pipe 
system of the evaporator. We have here a case similar to that 
occurring in the steam boilers of engines in which, in a certain 
sense, the heat falls from the temperature of the fire gases to the 
temperature of the boiler charge. It is not possible, at the present 
time, to exactly follow this procedure, but it is still a question 
whether the assumption T = Ti (Fig. 49) for the temperature of 
the mediating body is not nearer the truth. 

Of course it is different with the condenser; here the pipe sys- 
tem is filled almost throughout its whole extent with the mediating 
body in its liquid state, so that the latter may well follow the 
changes of temperature in the counter-current of cooling water. 

If the brine is not conducted away from the evaporator by a 
pipe line and then brought back in a warm state, but remains 
standing in the evaporator space, as was conceived to be the case 
in ice production, and in the representation Fig. 48, p. 463, then 
the assumption T = Ti is the more to be justified, because here a 
stirring of the brine occurs, so that we may assume in the total 
solution an average constant temperature (somewhat greater than 
Ti = F of the mediating body). 

§ 61. CYCLE OF ACTUAL COLD-VAPOR ENGINES. 

Fig. 50 is a sketch of a cold-vapor engine which closely ap- 
proaches the actual construction; C is the compression-cylinder, 
the compressor, with its inlet and outlet valves, V is the 
evaporator and K the condenser; the mediating body 
circulates in coiled pipes. In the evaporator the coil is surrounded 
by brine which, as the following developments will assume, is kept 
in motion by a stirring apparatus, so that we may here assume a 
constant, mean temperature. Let the same temperature Ti (lower 
limit) prevail everywhere in the evaporator coil, and let the corre- 
sponding saturation pressure be pi. In the condenser K the coil 
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which equation united "witl equation (20a) or (20&) gives the rela- 
tions between & and G or between K and G, where of course it is 
assumed that the mediating body is not superheated at any of the 
four vertices. 

In so doing we can proceed on. the assumption that at the 
vertex Tz, the beginning of the expansion in the feed-cylinder, ther e 
e.xists complete condensation, and hence that 3:2 = 0; the com- 
bination of equation {20c) with (205) then gives 

<?(-ri-T2-H^)=C2K log.^, .... (24) 

from which follows the rektiori between G and K; here we sub- 
stitute ^2 = 1 because water is employed as the cooling body. 

The theoretical driving work L of the machine is found front 

AL — Q2— Qi, 

or utilizing equations (18), (19), and (21), 


AL^C2KiT2-Tz-m(T-Tx)'\ ( 2 ;)) 

The foregoing reproduces the main features of the devel()p)Tncu ts 
by Lorenz^; here we first considered, as was emphasized, the 
case in which the cool brine was led, through a line of pipe, away 
from the evaporator and then led back to it in the warm condition 
for cooling; this process in a continuous machine is constantly 
repeated. 

Moreover, it is at the same time assumed that the mediating 
body (which flows through the pipe system of the evaporator) 
fellows exactly, partly as vapor and partly as 

^Compare this also with Lorenz on Grenzwerthe dor tlKmio- 

dynamischenEnergieuini^andliing.’' Inaugural Dissertation. Munich, 18€5. AIho 
his “ Yergleichende Theorie und Berechnung dor Kamprefisions-Kuhltnasiehine/' 
Munich, 1897, and his various articles in the ^^Zeiteehrift fur die gesainmte 
Kalteindustrie,^’ Munich and Leipsic. Since the appearance of the last edition 
tut one of the present book, the literature of refrigerating machines haB experi- 
enced an extraordinary extension, so that in this edition we have only had to 
take up the changes on the purely theoretical side of the questions involved. 
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is introduced, 


T2_(^Y 


( 22 ) 


'which equation Lorenz presents as the fundamental equation 
of the perfect cycle with finite quantities of brine and cooling water. 


a h 



Earlier we found for a unit of weight of mixture of vapor and 
liquid that the entropy was 

AP = r+-y. 

Now let be the weight of the mediating body reduced to the 
unit of time, and let the steam quality at the four vertices of the 
diagram (Fig. 49a) be designated by the same subscripts as the 
corresponding temperatures, then we have 


also 

From this we find 


(23) 


. (20c) 
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ture Ti. In Fig. 48 we imagine that the brine flows along the 
tubes of the evaporator from left to right. 

If, in a unit of time, S kg. [lb.] of brine passes through the 
evaporator, and if ci is the specific heat, then “the heat quantity 
Qi, withdrawn from the brine in a unit of time^ is 


Qi=CiS(r~Ti) ( 19 ) 

Lorenz proceeds on the assumption that the mediating body 
within the machine possesses everywhere the temperature pre- 
vailing outside, so that in the evaporator (where vapor and liquid 
are present) the change of temperature keeps pace with that of the 
brine, and on the assumption that in the condenser, also, the 
change of temperature keeps pace with that of the cooling water. 

Under this assumption Fig. 49a represents the indicator dia- 
gram and Fig. 496 represents its transformation, the entropy 
diagram. 

The curves T 2 T and TzTi are adiabatic curves appear- 
ing as vertical lines in Fig. 496; the two curves T 2 TZ and TTi are 
two different polytropic curves. 

Now the poly tropic curve is computed from the formula 

flT 

AdP^CY’ 

and hence follows, for the curve TTi, 


T 

APi-AP2=ciS\o^Y^f ..... (20a) 

and for the curve T2Tz, 

APi-AP2=C2inog.^ (20fe) 

Equating we get from these, when the notation 


Ci5 

C2K 


—m 


( 21 ) 
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§ 60. CYCLE OF A PERFECT COLD=VAPOR ENGINE 
ACCORDING TO LORENZ. 

In the preceding investigations it has been assumed that the 
temperature Ti is the same at all points within the evaporator AA 
(Fig. 48), and that in the interior of the condenser there exists 
everywhere the same temperature T 2 ] here Ti is the lower and 
T 2 the upper limit of temperature, which temperatures correspond 
to the saturation pressures pi and p 2 , and moreover attention is 
here directed only to the mediating body (ammonia, carbonic acid) 
and to its changes of state. 

If, however, at the same time we think of the changes of state 
of the body which furnishes the heat to the mediating body (here 
the brine in the evaporator), and also think of the body, which 
in another part of the cycle withdraws and absorbs heat (here the 
cooling water in the condenser), then the problem is broadened; 
thus under certain conditions there results the cycle which was 
first announced and investigated by Lorenz^ (see Vol. I), 
p. 296). 

Let us first think of the condenser EE (Fig. 48), and let 

Tabethe influx temperature, 

T 2 the efflux temperature of the cooling water, 

of which K kg. [lb.] passes through the apparatus in a unit of time. 
Let C 2 be the specific heat of this cooling body (with water C 2 =1) ; 
then the heat withdrawn is 


Q2=C2K{T2-Tz) (18) 

In the first place let us assume a circulation of the brine in 
the evaporator. Let the brine at its lowest temperature Ti be 
led through a line of pipe to spaces whose cooling is to be effected 
and then be led back to the evaporator, which it reaches with the 
higher temperature T, where it is again reduced to thelow tempera- 

1 Lo re n z, ^‘Beitra^e zur Beurteilung der Kuhlmaschmen.” Zeitschrift 
des Vereins deutscher Ingenieure, 1894, Vol. 38, pp. 62, 98, and 124. 
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According to Table 8 of the Appendix we have for the assumed tempera- 
tures: 

^ = 1.2536, p- = 1.0243, 

Ti- -0.0536, +0.0774. 

Now let the steam quality at the end of the suction in the power-cylinder 
be 0^1 = 0.90, then according to equation (4), and utilizing the preceding 
values, the steam quality at the end of the compression is 0:2 = 0.9735; there- 
fore during the compression of ammonia evaporation takes place and the 
vapor will be superheated if it were initially dry saturated, i.e., if a;i = l. In 
this case, to which I will return, the above formulas are no longer valid and 
must be replaced by others. 

From equation (5) we get in the assumed case for the steam quality at 
the end of the expansion in the feed-cylinder 2:3 = 0.1045, and since accord^ 

ing to the table ^ —619.80 [69.645], equations (17a) and (14) give 

0.001825 (?a and JV'm = 0.767 Qa 
0.016241 Q. and fVm = 0.1906 Q.]- 

If the machine is to withdraw 36,000 calories [142860 B.t.u.] of heat 
from the brine, then (2« = 10 [39.683], and hence if the machine makes ?i = 50 
revolutions per minute, the required volume of the power-cylinder must be 
Fs = 0.0109 cbm. [0.38494 cu. ft.] and the work necessary is A^m = 7.67 
horse powers [ = 7.565]. 

If it were a case of ice production and Eh kg. [lb.] of ice were produced 
per hour, then because Qh = 100 Eh [180 Eh], we should have 

3600'® 3600^* 20j* 

and therefore 

Nm = 0.0213 Eh or Eh = 47 Nm 
[iVm = 0.009532 or & = 104.9 AT^]. 

This perfect machine would therefore deliver per hour per horse power 
47 kg. [104.9 lb.] of ice. In actual machines of course the production of ice 
is much smaller. 


Fsn 

“so" 

rFsn 

L'W 
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or if we substitute X 3 from equation (5) we get 
Fsn Os 


( 176 ) 


The right member of this equation contains temperature func- 
tions which are different for different vapors, and it is therefore 
evident that for the same values of Os Ibe cylinder dimensions will 
be different according to the different kind of vapor employed. 
We will therefore choose for the working vapor not only one 
whose liquid is easily and cheaply produced but also one which, 
at the same time, leads to the smallest engine dimensions. 

If we combine equation (176) with equation (14), which, how- 
ever, we omit here, we get the relation between the dimensions of 
the power-cylinder and the work Nm in horse-powers required by 
the machine. 

The following remark is of practical importance. 

In order to produce 1 kg. [lb.] of ice at 0° [32°] from water at 
0° [32®] we must withdraw from the water the heat quantity tq =79 
cal. [142.2 B.t.u.]; if the water has the temperature f and ice is to 
be produced of the temperature — ifo°; the necessary amount of 
heat for 1 kg. [lb.] of water is 


79 4"^ 

[142.2 + (^~32)+c(io~32)], 


where c=0.5 represents the specific heat of ice. If we substitute 
the average value ^ = 15°[59®] and, in order that the ice may be as 
solid as possible, take fo = — 8 ®[ + 17.6°], we get in round numbers 
100 calories [180 B.t.u.]. 

If we wish to produce Eu kg. [lb.] of ice per hour then we must 
draw, hourly, the heat quantity Qf,-=100Ejll80Eh] from the brine. 

Example. Suppose that a cold-vapor engine works with ammonia 
vapor, and suppose the temperature in the evaporator to be Ji=-15° 
[+5°], and in the condenser 1 ^ 2 = 4-20° [68°], the pressures are, respectively, 
Pi = 2.291 and p 2 = 8.509 atmospheres. 
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The volume Vi of this cylinder is directly given by equation 
(8) , but in this formula we can unhesitatingly neglect the specific 
volume cr of the liquid and then get 




From equation (1), however, Qi=Gri(xi—xs), hence there fol- 
lows by division 



The volume 72 of the feed-cylinder is determined by the fornrula 


from which follows 


Vz=Gzs-Ui, 


V 2 _£3 
7i “a:/ 


provided the cranks of these two pistons make the same number 
of revolutions. 

Let F be the cross-section of the piston, s the piston stroke* of 
the power-cylinder and let the doable-acting machine make* n 
revolutions per minute, then Viol’s and the heat quantity Qa, 
absorbed by the evaporator per second, is 

/) 

Substitntion in equation (16) therefore gives, for the calculation 
of the power-cylinder of the perfect cold-vapor engine, the equa- 
tion 

jFsn Q, ~ 



xj 


. . (17c) 
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are greater than in the condenser, or cooling apparatus. 
We therefore simply have Ti > T 2 . Accordingly Lm becomes nega- 
tive, i.e., work is produced instead of being consumed in running 
the machine and hence the machine is transformed from an operat- 
ing machine into a driving machine, or a prime mover. If in this 
machine we reverse the signs m equation (13) we get, in the value 
Lm, the maximum of work; every departure from the perfect 
cycle and from the assumptions made above leads to a smaller 
value of the work produced. Since m the engine the tempera- 
ture i 2 in the condenser, or cooling apparatus, is pretty well fixed, 
the practical rule is to keep the temperature h as high as may be 
in order to increase the work as much as possible with the same 
heat quantity Qi. The hot-air engines, therefore, ought to work 
at high temperature and our ordinary steam engines ought to 
work with high boiler pressure or highly superheated steam, as has: 
already been emphasized when considering these engines. 

Equation (13) gives the machine work per stroke, but in engi 
neering the work is reduced to the second; therefore designating 
by Q, the heat quantity which the evaporator withdraws from the 
brine per second and substituting this value in place of Qi in 
equation (13), L,„ gives the work required for the running of the 
cold-vapor engine per second, or, if the work is expressed in-horse- 
powers and is designated by Nm, we have 

Nfa ~ 75 )<; Ti) ..... (14)’ 

If the heat quantity by which the cooling action of the machine 
is to be judged is reduced to the hour and designated by there 
obtains 

Qa =36000, (15) 

Now as regards the dimensions of the cold-vapor engine 
there arises first of all the question as to the size of the power- 
cylinder or compressor C for a prescribed performance. 
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a,ncl therefore, according to equation (7), 

(13) 

This equation is the one which has been repeatedly derived in 
the present treatise for the Carnot cycle. In our case tiie 
formula gives for a certain value of the heat quantity Qi (wdiic.li 
the brine withdraws from the evaporator, within given limit.s of 
temperature) the work Lm required by the machine; this work 
is a minimum; every departure from the perfect cycle, all 
the separate imperfections in the construction of the machine and 
the unavoidable, hurtful resistances increase the driving work . 
The formula contains no quantity that depends on a parficnlar 
kind of vapor. For the same limits of temperature it is therefore 
theoretically immaterial whether the machine works with ethcu-, 
ammonia, or any other vapor; for the same Qi the driving work 
of the perfect machine is always the same. 

In the cold-vapor engine we must ever be mindful of the re- 
quirement that the driving work of the machine be as small as 
possible for a prescribed value of Q\ ; we see fr-om formula ( 13) 
that accordingly the temperature differences T^— must be kci)t 
as small as possible. With respect to the temperature of th(^ 
cooling water at our disposal there is prescribed the upper tempera- 
ture limit, the temperature h or T 2 , and consequently we ought 
not to go lower than is necessary with the temperature or 
T\ in the evaporator. When producing ice we estimate that 
on the average h = — 15°[f-5°], when producing a cooling fluid 
<1 = — 5°[423°]; we will therefore obey the practical rule to 
avoid the production of ice when the same purpose can be effected 
by a cooling fluid. 'Formula (13) is also valid for cold-air engines 
in so far as they describe the Cam 0 t cycle. It is worthy of 
note that this sariie equation h valid for the perfect hot- vapor 
and hot-air engine, and that this equation embraces all the 
engines mentioned, just as Pig. 48, given above, represents their 
constructive and theoretical arrangement. In this engine the 
pressure and temperature in the boiler, or heating apparatus. 
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Accordingly the work produced during suction is Gpi{xiUi ~ha) 
and the work consumed, in order to push the mass under constant 
pressure p 2 into the condenser, is Gp 2 {x 2 U 2 + (7); the compression 
work, on the other hand, is found from equation when 
we make dQ^O and integrate, 

G 

There results from the combination of the last three expres- 
sions, when we consider the relation r^p-^Apu^ the whole work 
of the power-cylinder per stroke, measured in units of heat, 
namely, 

ALi=^G[q2-q\^X2r2-XiTi-^Ao{p2-Vi)\ . . ( 10 ) 

In the feed-cylinder, on the other hand, the work L 2 is pro- 
duced, first the work Gop 2 during the suction of the liquid from 
the condenser, and then, in consequence of the expansion, 

G 

-^i.q2-qi~-xzpi). 

However, since the transfer of the mass to the evaporator re- 
quires the work GpiixzUi^o) we get, by the combination of the 
preceding three values, the work expressed in units of heat, namely, 

AL2-=^G[q2'-qi-~xzTi^Aa[p2-V\)\ - • • (H) 

Designating the work necessary per stroke to run a perfect 
machine by Lw? and because — we get, from the utiliza- 

tion of equations (10) and (11), 


ALm = G[x2r2 - (xi ~ X3)ri], 


or, with the help of equations (1) and (2), 

ALm = Q2‘~Ql, 


( 12 ) 
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In our perfect machine the compression takes place adia- 
li a t i c a 1 1 y along the path biCi (Fig. 48), and therefore d(?=0, 
and accordingly there follows from equation (3a) when we inte- 
grate between the given linnits 


. , X2rt 

rp^ *^2 ‘ p • 


(4) 


In like manner there is adiabatic expansion in the feed-cylinder 
along the path 62^2, and there follows from the same equation, 
because at the beginning r=0. 




^£i_ 

■ Ty 


= ^2. 


(5) 


With the help of the last two formulas X 2 and xz can be calcu- 
lated from the value xy and the limit temperatures. Subtracting 
the equations from each other we get 


(a:i-X3)ri a:2r2 
Ty ~ Tz- 


( 6 ) 


Uniting the preceding formula with that obtained by com- 
bining equations (1) and (2) we obtain the well-known relation 
for the perfect cycle 


Q2 I2' 


(7) 


The technical investigation is now extended to the deter- 
mination of the work necessary to run the naachine and of the 
principal dimensions for a prescribed performance. 

The work Ly, required by the power-cylinder C per stroke 
is easily determined as follows: 

The volume vy of the cylinder C is 


Vy^GiXyUy+a), (8) 

and the volume F2 of the mass at the end of compression is 

F2 = (7(X2-U24<7) (9) 
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Therefore Gxs is the steam weight forced per stroke into the 
evaporator and Gxi is the weight which the power-cylinder, or 
so-called compressor, takes from the evaporator. Accordingly 
there is formed in the latter per stroke the steam quantity 
Gix^—xs), and it is formed under the constant pressure pi and 
the corresponding temperature h. Using the above notation 
and letting ri be the latent heat we get, in the first place, the 
heat quantity Qi, which the evaporator withdraws per stroke 
from the brine or heating fluid 


Qi==Gri{xi-Z3) ( 1 ) 

The steam quantity pushed by the power-piston into the 
condenser is Gxz, and as this steam is completely condensed at 
the constant pressure p 2 and the temperature < 2 , we have for the 
heat quantity Q 2 absorbed by the , cooling water in the condenser 

Q2 = GT2X2 . ( 2 ) 

In the following discussion we will first assume that the cylinder 
walls neither receive nor give off heat, that there is no clearance 
space, and that the steam is wet during its cycle in the power- 
cylinder, and therefore that the steam is nowhere superheated 
in the cycle; moreover, it is presupposed that the temperature ti 
exists everywhere in the evaporator and also that in every part 
of the condenser the temperature t 2 exists. We therefore have 
for the heat quantity dQ, required by the unit of weight of mixture 
of steam and liquid for an infinitesimal change of state, 


dQ = Td(T+^), (3a) 

or, it may be written in the form 

dQ=dq+d{xp)+AdL, . . . . . (3b) 


where dL is the outer work corresponding to the infinitesimal 
expansion. 
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j^’hould be effected as follows by the insertion of a special cylinder 
D, which I call the feed-cylinder. The piston in cylinder D first 
sucks in that liquid under constant pressure; which was just formed 
per stroke in the condenser, then it is confined in the cylinder and 
allowed to expand till the evaporator pressure is reached at the 
end of the piston stroke. Steam is formed during expansion, and 
during the return stroke of the piston the whole mass is forced 
back into the evaporator against the constant steam pressure in 
the latter. In the figure the theoretical indicator diagrams are 
added. Let pi represent the pressure in the evaporator and p2 
that in the condenser; the horizontally hatched area aibiCidi of 
diagram I represents the work consumed per stroke in the 
power-cylinder, and the area a2??2<^2d2 of diagram II is the work 
produced in the feed -cylinder; the difference of the two is the work 
needed to run the machine. The curve biCi is the compression 
curve, 62^2 the expansion curve; both are adiabatic curves in the 
perfect cycle, while the horizontal boundaries of the indicator dia- 
grams are isothermal lines, because we are here dealing with satu- 
rated vapors for which the temperature is constant when the pres- 
sure is constant. 

The arrows in the two indicator diagrams show the direction 
in which the cycle is described in the hot-vapor engine; for the 
present case the directions of the two arrows must be regarded 
as reversed. 

The following investigations will show whether or not the 
feed-cylinder should be added to the actual engine in order to. 
perfect the cycle. 

The theory of the perfect cold-vapor engine is developed, 
with Fig. 48 as a basis, in the following manner: 

Let G represent the weight of liquid and vapor which is sucked 
in per stroke by the power-cylinder from the evaporator and 
which is brought back to the condenser by the feed-cylinder, and 
let Xi be the steam quality at the end of the piston stroke in the 
power-oylinder C and therefore the quality at the point Ci of the 
diagram (Fig. 48 ) ; let X2 be the steam quality at the end of com- 
pression at the point hi, and xz at the end of the stroke in the 
feed-cylinder, i.e., at the point C2- 
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free 2 e it is in the form of a solution of table salt or chloride 
calcium. In order to produce ice there are immersed in 11 
solution, usually cooled to -10° [+14°], tin cells containi 
fresh water which is frozen. In other cases the cold brine 
led in pipes through spaces in which air or liquids are to ' 
cooled, and the warm brine is then led back to the space B, wh( 
it is again cooled off. The process is a continuous one, and 
order to facilitate the cooling of the heating fluid, by which nai 
we may briefly designate the brine, it is artificially set in mo(i» 
in space B. The performance of the machine is usually estimal < 
by the heat units which are given off per hour by the heating flu 
to the evaporator, in other words, withdrawn by the latter fro 
the fluid. 

The procedure in the interior of the engine must likewise be 
continuous one; during the forward stroke the piston in the powc- 
or compressor-cylinder C draws in vapor, which is mixed with moi 
or less liquid from the evaporator A, and during the return strok 
the mass is compressed in the first portion of the piston travel an 
is then forced during the remaining portion into a second tubuhi 
boiler EE, the cooling apparatus or conden.'er, which is also sui 
rounded by a casing into which cooling water flows at m, discharp 
ing through the pipe n after it has been warmed. In the conden,s( ' 
the vapor is completely reduced to a liquid; if its temperatur 
there is +20° [+68°], and if we are dealing with ammonia, then 
according to Table 8 of the Appendix, the pressure in the con 
denser is 8.5 atmospheres. 

It is now a question of bringing, the. liquid back to the evaporit 
tor, where it is again vaporized and the cycle begins anew. As tlu 
pressure in the condenser is greater, and in general considerably 
greater, than in the evaporator, no special device is needed for lead- 
ing the liquid back; in actual cold-vapor engines the condenser It 
is simply connected with the evaporator A by a pipe provided 
with a regulating valve, and then as much liquid is allowed to flow 
back as there is vapor taken from the evaporator in the same time. 

This procedure, however, is a theoretically imper- 
fect one, as we will show; rather the leading back of the liquid 
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Thermodynamics, as the following will more fully show; the inves- 
tigations presented above on the behavior of sulphurous acid, ether, 
ammonia, and carbonic acid vapors had for their main purpose 
the establishing of the necessary basis for calculating and judg- 
ing the cold-vapor engines. 

§ 59. CYCLE OF THE THEORETip^LLY PERFECT 
COLD=VAPOR ENGIME. 

As a basis for the following let us take the schematic repre- 
sentation (Tig. 48) w'hieh has already been employed in treat- 
ing the closed, hot-air engine (Yol. I, p. 377) and has also been 
used in this volume when considering the theoretically perfect 
hot-vapor engine. Let the figure here represent a cold-vapor 
engine. 

The tubular boiler AA filled with liquid and steam, i.e., with 
the mediating body and is called the evaporator; it is sur- 
rounded by a casing B, which is filled with another liquid. 

For example, let us suppose the evaporator is filled with am- 
monia in the liquid and vapor form, of a pressure of 2.3 atmos- 
pheres, so that a temperature of -15° [-f5°] will obtain there, and 



that the liquid in the envelope B is cooled, because it gives off 
heat to the evaporator; in order that this latter liquid may not 
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as is actually the case, the temperature of the vapor within the 
machine varies between —20® and 4-20® [—4® and +68®], then 
the pressure variations of the ether will be between 0.9 and 0.57 
atmospheres; a penetration of the .external atmospheric air into 
the machine is therefore unavoidable. The access of air, however, 
is in the highest degree injurious with all cold-vapor engines; it 
reduces their effect and is probably the main cause of the great 
heating of certain parts of the compression cylinder with which 
we must contend. 

Marked progress was made by Raoul Pictet when he 
employed sulphurous acid for these machines ; moreover, later, in 
his known experiment on the condensation of gases, he utilized car- 
bonic acid; in a very clever way he united two engines, one work- 
ing with sulphurous acid and the other with carbonic acid. A 
glance at Table 10 of the Appendix shows what a great lowering of 
temperature can be effected by carbonic acid when we reduce the 
pressure of the vapor drawn in from the evaporator down to only 
the boiler pressure that is customary in hot-vapor engines. 

Great credit is due to Prof. Linde in perfecting and ex- 
tending the cold-vapor engine. Originally Linde (like T el- 
l i e r ) suggested methylic ether, but then went over to the use 
of ammonia vapor and constructively, also, brought this 
machine to a high degree of perfection. 

Machines working with ammonia are at this time the ones most 
widely used; recently, in accordance with Windhausen\s 
suggestion, carbonic acid has again been employed. 

The occurrences' in the machines working with the above- 
mentioned simple vapors, can easily be discussed ^ by the laws of 


^ See the article by the author: ‘^Zur Theorie der Kaltdampfmaschinen.'^ 
Withan Appendix: ‘‘Uber das Verhalten der Ammoniakdtopfe.’’ Zivilingenieur, 
Vol. 27, 1881, p. 449. 

This work was preceded only by very differently treated articles presented by 
Carl Linde, '^Uber die Warmeentziehung bei niedrigen Temperaturen 
durch mechanische Mittel.” Bayerisches Industrie- und Geweibeblatt, 2d year, 
1878, pp. 205, 321, 363, and ‘‘Theorie der Kalteerzeugungsmaschinen,’' Verhand- 
lungen des Vereins zur Beforderung des Gewerbefleisses, 54th year, 1875, p. 357, 
and S5th year, 1876, p. 185; also L e d o u x, “Th4orie des machines ^ froid.” 
Extrait des Annales des mines. Dunod, editor, Pari^, 1878. 
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machine, because in it the steam is driven off under high tem- 
perature and high pressure. 

Under such circumstances and because the equations to be 
set up cannot be utilized for numerical calculations, we will here 
omit a presentation of a theory of the absorption system, and all 
the more because the other type of refrigerating machine, the 
compressor type, has almost completely displaced it at this time. 

The compressor type, which is the real cold-vapor engine and 
which we will now examine more closely, employs a vapor which, 
in the saturated state, exhibits a high pressure even at low tem- 
peratures. The vapors which have thus far been practically em- 
ployed for this purpose are the vapors of ether, sulphurous acid, 
ammonia, and carbonic acid; there have been suggested, besides, 
the vapors of methylic ether, chloride of methyl, bisulphide of 
carbon, and others. 

The first machines which were constructed worked with ether 
vapor; in 1835 Perkins^ patented a cold-vapor engine, but 
it seems to have been little known, because an American, Har- 
rison, is usually credited with being the inventor, although he 
did not get a patent on his machine until 1856. The two machines 
differ but little in construction. There are decided improvements 
in construction shown in Carry's machine, which became 
known in 1860, but which must not be confused with his absorption 
machine. Shortly afterward (1862) S i e b e patented an ether 
machine, and it is often spoken of at the present time under his 
name, although in principle it is in no way distinguishable from 
the machine of his predecessors 

That the machines mentioned were very slow in being intro- 
duced is mainly due to the fact that they used the costly vapor 
of ether, which has a very slight pressure at low temperatures. If, 


^ D i n g 1 e r ' s “Polytechnic Journal,” from 1837 (Vol. 64) on, probably 
contains the description and illustration of all the cold-air engines and cold-vapor 
engines proposed or constructed; therefore we will refer the reader to this journal 
for fuller particulars, and especially to two excellent articles: 

Prof- Dr. M e i d i n g e r: “Die Fortschritte in der klinstlichen Entwicke^ 
lung von Kalte und Eis.” Vols. 217 and 218. 

F. Fischer: “t)ber die HersteUung von Eis.” Vol. 224. 
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There are two means of doing this: either steam is drawn off 
by a pump and then compressed and condensed by cooling to the 
liquid condition, whereupon it is returned to the evaporator, — 
or the steam is led to a second space, where it is absorbed by a 
liquid (water); this liquid is transferred by a pump to a vessel 
(boiler) which is supplied with heat for the purpose of driving 
off the steam taken in by the absorbing liquid, and this steam 
is then led to a condenser from which it is removed to the evapo- 
rator in a liquid condition. 

We therefore distinguish between the compression system and 
the absorption system. The machines of the former we shall treat 
more fully in the following under the name "cold-vapor engines 
they are the ones which are most widely used and accessible to a 
theoretical investigation. 

The circumstances are different, however, with the absorption 
machines which are mostly known under the name of the Carre 
ice-machines; of course in these machines only such vapors can be 
used as are easily and largely absorbed by water or some other 
liquid and can then be driven off again at higher temperature. 

Ammonia vapor, with water as an absorbing liquid, is the best 
suited to this purpose, and it is ammonia vapor which is exclu- 
sively used in the C a r r 6 machine. 

There is no difficulty in following the occurrences in the ab- 
sorption machine and setting up general equations according to 
thermodynamic laws; but the equations cannot be practically 
utilized because they contain quantities which have not been 
determined accurately enough by experiment. Thus we do not 
know the heat quantity which is released and which must be 
withdrawn from the mass when a liquid absorbs a vapor under 
different conditions of pressure and tem- 
perature, for example when water absorbs the vapor of 
ammonia; just as little do we know the heat quantity necessary 
to drive off the absorbed vapor from the liquid at a higher tem- 
perature and at a higher pressure. The latter case is rendered 
still more complicated because the exit of the absorbed steam 
is accompanied by a partial evaporation of the absorption liquid 
itself; any way, this circumstance must be considered in C a r r 4 ’ s 
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The chemical process occurring here has thus far no(; Ixtu 
adequately explained to enable us to submit a t hooretuail in- 
vestigation sufficient for practical needs; we therefore; only refer 
to the two excellent articles by R i e d 1 e. r and G u t. o r m u t h . 
Riedler^ gives 'a clear view of the results of excellently made 
experiments on a Honigmann engine. G u 1 1 ; r rn t h " 
continued the experiment.? in the .same manner and at the same 
time discussed all the physical and chemical investigations Ixiar- 
ing on this subject which were known at the time. 

B. Cold-vapor Engines. 

§ 58. REFRIGERATING MACHINES IN GENERAL. 

We have already called attention to the clifforcnce bcitween 
the ordinary steam engine, or hot-vapor engine, and thr’; cf)Iil- 
vapor engine and have emphasized the point that tin.; .ximph- 
reversal of the cycle will permit passing easily from oru^ kirnl 
to the other. In saying this we are only considering (lu^ f.old- 
vapor engines, which are compression engines, and in 
these, in the course of the cycle, there is only an exchange; of 
evaporation and condensation with corresponding heat supply and 
heat withdrawal, and also an exchange of expa n si on and 
compression. 

In all cold-vapor engines liquids are employed which, rwen at 
low temperature, evaporate under great pressure. The lirpiid 
confined in a tubular boiler (the evaporator) withdrawH heat from 
its environment, for example when it evaporates, taking the; htuit 
from another liquid surrounding the tubes of the evaporator nrn I 
cooling it down nearly to the evaporation temperature. To jiro- 
duce_a continuous process the vapor developed must be reitjovt'd 
and be restored in the liquid condition to the evaporator. 

1 E, iedle r, “Die Honigmann' schen Dampfiaaschinen mit feiiBrlonom Na- 
tronkessel.” Zeitschiift des Vereins deutscher ingenieure , Vol. 27, p. 728, ISS.'), 

®Gutermuth, “TJntereuchiingen an BLnigmann’sehen feuerlosem Na- 
tronkessel.” lZ«itscbrift dea Vereins deatscher Ingenieure, Vol. 28, pp. ftS and 
533, 1844. “Das Honigmann’sehe NatronverfaJirea.” Ibid., Vol,- nd, p. 101 
1885 
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charges a part of the water ot the new supply must be discharged 
from the boiler, otherwise some water must be added. 

Example. Let the drop of pressure during the run be from 16 kg, 
[227.57 lb.] to 2 kg. [28.45 lb.]; let the pressure in the feed boiler be 18 kg. 
[256.01 lb. per sq. in.]. 

Here we get from equation (87) with the help of Table 12 

On the other hand, when the quality of the working steam is 

0.90, O.SO, 

we get from equation (88) (see example, p. 454) 

0.823, 0.802 

0.970, 0.945. 

If the final pressure is greater than 2 kg. [28.45 lb. per sq. in.], then 
somewhat greater values must take the place of the last given quantities; 
anyway we can conclude from the results of the calculation, although they 
are approximate, that with a fireless boiler a whole series of fillings may 
take place before the original water level must again be restored by blowing 
off or pumping in. A special uncertainty affects the calculation, inasmuch 
as the value of x' can really be very different from 0, because it may well 
be that at the end of the charging the water contains a greater number of 
steam bubbles. 

In the fireless engine discussed here the steam flows from the 
cylinder into the open air. Now Honigmann proposed a 
highly interesting completion of the process and also realized 
it practically. 

Honigmann surrounds the steam boiler with a second 
boiler Tilled with soda lye of a certain degree of concentration into 
which the steam is discharged from the steam cylinder. Here 
the steam is condensed, accompanied by a development of heat, 
and the heat released is utilized to produce new steam lii the 
driving boiler. The process continues till the soda lye has been 
diluted to such a degree that a further absorption of the steam 
is no longer possible; the boiler is then filled with a new charge 
of concentrated lye and the diluted lye is brought back into an 
available condition by evaporation in special vessels. 


and 


5-;=0.841, 


Go-hG, 




^- 0 . 991 , 
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therefore Goiqo+xopo), and since the steam takes up the work 
GoPoUoXo during the transfer, the heat contents of the total weight 
at the end amount to 


Ji+Jo + AGopoXoUo=G2{q2 +x"p2) +Go(qo +Xoro). 
On the other hand, these heat contents also amount to 
{G2-\-Go){qi +x'pi). 

Therefore by equating we get 


G2{qi —q% ■^x'p\ — x"p2) — Go{qo—qx +XQro—x'pi). 

But the steam weight in the fireless boiler can be neglected in 
comparison with the weight of water present, so that we can make 
x' = 0 and x' = 0 and may assume the steam coming from the feed 
boiler as dry saturated, so that 2:0 = 1 may be assumed. The last 
equation therefore gives, because qo+vo represents the total heat 
lo of the transferred steam, the relation 

^ 2 ) =f?o(lo— 3i), 

from which follows 

G'2 + (?0 = (?2(^^). (87) 

The value O2+G0 represents the boiler charge when the initial 
temperature has again been reached, and this ought to be identical 
with Gi when the initial condition has again been completely 
restored. 

We find , however, from the above given relation D = {G,~G2)x: 

G2 , D 

er's, < 88 ) 

From the last two equations the ratio (t2+<?o to Gi can be 
derived. If the former value is the greater then after a few 
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For example we get, for a drop of pressure from 16 kg. [228 lb.] 
to 2 kg. [28.5 lb.], with the help of the values in equation (85) : 

L = 1719 Gi to 2686 (?i , on the average L = 2200 G\ mkg. 

[L=5640Gi to 8812 (?i, on the average L = 7218ffi ft-lb.]. 

On the other hand, for a drop of pressure from 16 kg. [228 lb.] to 
4 kg. [57 lb.]: 

L = 1286 Gi to 1978 Gi, on the average L = 1600 Gi mkg. 

[L=4154 Gi to 6490 Gi, on the average L = 5249 Gi ft-lb.]. 

B i r k 1 estimates L =2000 (?i [6562 Gi] and Lentz, for the 
sake of safety and very properly, takes L = 1500 Gi [4921 G^i] be- 
cause it would be very embarrassing to have the steam give out 
during the trip. 

Suppose that the weight of steam and water in a fireless boiler 
at the beginning of a run is (?i =2000 kg. [4409 lb.], then according 
to Lentz there will be available a work of 3,000,000 mkg. 
[21,700,000 ft-lb.]; from this can easily be computed, for a loco- 
motive with a prescribed load and the tractive force calculated 
from it, the whole distance which can be traversed by the engine 
with a single boiler charge. 

In conclusion we may briefly take up the question of newly 
charging the boiler. 

If at the end of the run the weight of the steam in the boiler is 
•G-iil — x") then the corresponding heat content /2 is equal to 

^2 = (92 + x '' p 2) ■ 

Suppose that there is transferred from the- stationary boiler 
(the feed boiler) in which the pressure po prevails, the steam 
weight Go possessing the steam quality Xo, the transfer continuing 
till the temperature in the fireless boiler has again risen to the 
initial value. The heat quantity Jq contained in this steam is 

^ B i r k/* Die feuerlose Locomotiv in ihrer Iheorie und Anwendung/' Wien, 
1883. The theoretical investigations in this treatise, which in other respects is 
to be recommended, are inexact, because B irk throughout confuses the total 
heat ^ with the steam heat J of saturated steam; but this still frequently happens 
in other technical treatises. 
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Equation (82&) shows that for the same initial fill Gy, and for 
the same drop in pressure, the steam weight generated is mainly 
dependent on the initial pressure; with diminishing steam pressure 
the steam quantity increases, as the following survey shows : 


Drop of pressure. 

15 kg. to 14 kg. 

12 “ " 11 “ 

9 “ “ 8 “ 

6 “ “ 5 “ 


D 

G\ 

0.00713 kg. 
0.00839 “ 
0.01024 “ 
0.01433 “ 
0.02609 “ 


Now, as regards the other question, of the amount of work 
available in a filled fireless boiler, it may be answered for practical 
purposes and with sufficient accuracy in the following manner : 

In ordinary high-pressure non-condensing steam engines we 
estimate 

^^=25 to 16 kg. [55.88 to 35.76 lb.], 


where represents the hourly steam consumption and Ne the 
effective work in horse-powers; the preceding ratio is the hourly 
steam consumption per horse-power, the smaller value correspond- 
ing to the higher pressure of admission and to the greater expansion. 

Let D be the weight of steam and L the work which can be 
produced by it, expressed in mkg. [ft-lb.], then, from the preced- 
ing values, we determine 

^ = 10800 to 16875 mkg. [35434 to 55237 ft-lb.]. . (85) 


If we multiply both members of equation (825) by L we get 


{b-t) 


( 86 ) 


from which we can calculate for a fireless boiler with a given fill and 
known pressure limits the work which is available. 
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and here we must substitute =1.420 according to equation (81); 
for the end of the run we may substitute t=t 2 , corresponding to 
the lowest pressure, in order to calculate the total steam weight D 
which corresponds to a single filling of the boiler. 

That the empirical formulas (81) and (84) are sufficiently exact, 
the following tabulation shows:- 


Boiler pressure. p = 2 kg. 5 kg. 

According to Table 12 of the 
Appendix 

According to equation (81) — ^ — 120.49 152.48 

‘‘ ‘‘ “ (84)... r-522.77 499.96 


f «=-119.570 150.991 

i ^ = 120.369 152.480 

[ r- 522. 600 500.0'^2 


10 kg. 

15 kg. 
(absolute). 

178.886 

197.244 

181.243 

200.324 

479.817 

466.335 

181.24 

200.38 

479.71 

466.38 


In these fireless boilers the terminal pressures will rarely sink 
below 2 kg. per sq. cm. [28.45 lb. per sq. in.]. 


Example. In a fireless boiler, during a single run, the steam pres- 
sure falls from pi = 16 kg. [227.57 lb.] to p 2 = 2 kg. [28.45 lb.]. Here, accord- 
ing to table 12 of the Appendix, ti =200.32 [392.58], 119-57 [247.23], and 

because r^p-hApUj ri = 464.06 [835.31], r2=522.60 [940.68]. 

Hence, there follows, from equation (83), 



0.0732653 


and from this follows for 

x= 1 0.9 0.8 

(72=0.8447 0.8291(7,, 0.8099(7,, 


and we get, for the total steam weight generated. 


D =(G'i'-02>= 0.1553 0.1538 0.1521(?„ 

and, from the approximate formula (826), we get 

D=0.1592(7„ 

and therefore, respectively, 

^2 = 0.8408(7,, 0.8231 0.8018 G,. 

For practical purposes the approximate formula (826) furnishes suffi- 
ciently exact values. We see, moreover, that the weight (7, of the steam 
and water at the beginning is not very different from the weight G 2 at the 
end. The boiler at the end of the run is still largely filled with water. 
The boiler therefore would have to be almost entirely emptied of water if 
the filling were to take place with hot water; but filling with steam from a 
stationary boiler can take place directly. 
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From equation (81) there follows dq = —^dr, and then, from 
equation (80), by integration, 

, Ob r, 

(S2) 

where Oi represents the initial weight of water and steam in the 
boiler. If 0^ is the weight at the end of the run, then we have 


log 


Gi 



(83) 


But Gz and 0 always differ slightly from Gi and, likewise, 
rz and r differ little from ri ; we can therefore represent the 
logarithms by the initial values of their series, and get 


G,-G J (r-n) 
Gi X r ’ 


(82a) 


and at the end we also have 


Oi-Gz _P irz-n) 
Gi "x r-z 


(83a) 


•Between the pressure and temperature limits occurring here 
we can substitute with sufficient accuracy 

r =609.58 - 0.726 t =0.726 [839.64 -t] (84) 

[r =1097.24 - 0.726 (i-32) =0.726 (1543.25-t)]. 


Let us, for the sake of simplicity, represent this constant 
839.64 [1543 .25] by 6, and remember that {Oi-G)x represents only 
the steam weight which is generated while the weight of steam 
and water diminishes from Gi to G. Finally, let D represent the 
weight of the steam, then according to equation (82a), we have 


D pih-t) 
Gi~ b-t ’ 


(82b) 
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and from this, when the weight diminishes by dG, on account of 
the efflux, we have for the corresponding increment of the heat 
content 

dJ = -d{Gq) (79) 

Now if a: is the steam quality of the steam flowing toward the 
steam pipe, we have (q+xp) for the heat content of a unit, of 
weight of this steam. Within an infinitesimal interval of tiim; we 
can regard the steam formation as taking place under the constant 
pressure, and therefore the unit of weight of steam takes up tire 
additional heat quantity Apux; consequently the heat quantity 
carried off by the discharging mass dG is 

{q +xp +Ajmx)dG, 


or 


(q+xr)dG. 


This value is- identical with the diminution —dJ of the heat 
contents in the boiler; from equation (79) we therefore get 


or 


diGq) = (q +xr)dG, 


dG dq 
G xr' 


(80) 


If we now proceed from the assumption which is here always 
permissible, that the steam quality x of the steam flowing toward 
the steam pipe is constant, then this equation can be integrated, 
because q and r are known as functions of t. 

For facilitating the calculations I use the empirical formula 


q=a-pr, (81) 

and make a =862.58 [1552.64] and /? =1.420 [1.420]. 

It will be shown immediately how well this formula agrees with 
the more exact formulas within the limits existing here. 
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■stant. The pipe dd (Fig. 47) is for filling purposes; it is therefore 
■connected at / with the steam pipe of the stationary boiler; in the 
interior of the latter the pipe ends in a horizontal, perforated 
piece of pipe ee; through the openings the steam enters into the 
.boiler water. 

The fireless engines certainly possess advantages for certain 
driving purposes on street railways, in switching, etc.: they are 
easy to run and need no special stoker; there is no soot and smoke 
formation, and the danger of fire is completely absent. 

The theoretical questions which arise here relate to the law of 
steam formation and to the determination of the mechanical work 
which corresponds to a freshly filled boiler, and finally to the mode 
of filling. 

Let HiHi (Fig. 47) be the level of the water in the boiler at 
the beginning, and let H 2 H 2 be that at the end of the performance 
of the work; at any instant let there be G kg. [lb.] of water and 
steam of the pressure p and temperature t in the boiler and let the 
water level stand at HH. Let the volume of the boiler be V cbm. 
(cu. ft.). 

Now let ex' designate the weight of the steam present and 
'G{1 —x') represent that of the water present, then the heat content 
J of the whole mass is 

J =G{q+x'p), 

and, moreover, the total volume is 

V^Gix'u + a). 

Eliminating x' from both equations there follows 

The second term in the bracket is so small that under the con- 
ditions here prevailing it may always be neglected, and we there- 
iore get for the heat content 


J=Gq, 
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vided with stationary steam boilers in which there is produced, 
by ordinary heating, the high-pressure steam and the higldy 
heated water. Now in filling, either the hot water is allowed 
to flow through a connecting pipe, or, more advantageou.sly, so a.s to 
avoid losses of heat, the steam is led from the stationary 
boiler to the locomotive boiler, where it is condensed by the low- 
temperature water remaining there, until finally the pre.ssun* is 
almost the same in both boilers, and the water con.sumed in the 
preceding trip is again replaced and a new trip can Ix'gin. 

To utilize the steam from a fireless boiler in the mann(*r in- 
dicated was first thought of by Perkins (182d), but the 
idea was taken up later by Dr. Lamm and carried out prac- 
tically for the running of street locomotives (1872). In l'luro|)(^ 
the first perfect machines of the sort were built loy th(^ French 
engineer Leon Franc in Paris (1875), while in Cfinunany 
G. Lentz of Dusseldorf promoted, with gi-eat technical 
knowledge, the building of such engines. 

Fig. 47 gives a sketch of a fireless locomotive boiler. Tlie 
steam flows out of the boiler A through the steam efflux pipe; a 

from the dome B and from there 
through a reducing valve; at h 
and through the steam pipe cc 
to the steam cylinder. I’he 
steam pipe cc, greatly enlargt'd, 
is led through the steam and 
water space in order to avoid 
cooling and perhaps, it i.s 
thought, to evaporate some em- 
trained water. A throttling 
takes place at the reducing valve b which is necessary, particularly 
at the beginning of the run, when the steam pressure in the boiler 
is very considerable, generally amounting to from 16 to 17 kg. per 
sq. cm. [227 to 242 lb. per sq. in.], and this throttling reduces 
the steam to about 6 to 7 kg. [85 to 100 lb.]. As the pressure 
in the boiler dimmishes the throttling is diminished, and the ad- 
mission part of the piston stroke in the steam cylinders is gradually 
mcreased so as to keep the steam work of the engine nearly con- 



c 


Fig. 47. 
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with which we can determine V2 and consequently can find the 
expansion ratio Vi:v2j finally obtaining from ==^2^2 + 0” the 
state of the steam X2 at the end of the expansion. 

In order to make use of all the preceding expressions the follow- 
ing data would have to be established by observations on an 
existing steam engine: the steam consumption per hour, the 
indicated work Li in horse-powers, the normal boiler pressure 
pi, the corresponding temperature ti, the pressure p2 and the 
corresponding temperature ^2 in the condenser, the tempera- 
ture of the feed water do, and the temperature t of the super- 
heated steam. 

§ 57. ADDENDUM. THEORY OF FIRELESS STEAM 

ENGINES. 

Let a vessel, for example a steam boiler without heating 
plant, be placed on a wagon and be filled with water and steam 
under high pressure and at corresponding temperature, and let 
the steam flow from an orifice in the steam space and towards a 
I)lace in which a lower pressure prevails, then the boiler will 
be gradually and partially emptied, till finally the same pressure 
will exist in the boiler and in the receiving chamber. The water 
evaporates under the diminishing pressure caused by the efflux, 
and the heat necessary for steam formation is furnished by the super- 
heated water, whose temperature diminishes with the sinking steam 
pressure. 

If the boiler is large enough and is filled with a sufficiently, 
large quantity of water at the start, the generated steam can be 
used for quite a period to run a steam engine situated on the 
same wagon, and we thus get a fireless locomotive, — or, if the 
boiler is placed upon a ship, we obtain a fireless marine engine. 

When the pressure and temperature in the boiler have reached 
the lower limit, a certain weight of water and steam will remain 
behind, and the boiler must be newly filled with highly heated 
water at the initial temperature in order to make it again capable 
of driving. 

This filling takes place at particular supply stations pro- 
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It ■would be easy to calculate the several losses of work for this 
assumed normal cycle in the manner similar to that pursuetl in 
§§52 and 53; but in determining the losses of effect, which 
are characterized by we should have to use, in place of the 
quantity L^, the preceding value of Ln- 

The two formulas (76a) and (76&), for the calculations of the 
work Ln in the normal cycle, are not simple, for they presuppose 
the use of steam tables; but they can easily be replaced by other 
simpler formulas. 

If the engine works with dry saturated steam, then . 
the admission work is piVi, the back-pressure work 'P 2 V 2 , and the 
work of expansion, according to equation (77), p. 84, is 

fX X 

It therefore follows that the engine work is 
i» = -^(piVl-p2l'2), 

fX 1 

or, because of the relation 

P2V2'‘ =PlVl'‘, 

i.-^p...[l-(^;)V] .... (7Su) 

(with =1.135), in place of equation (76a). 

On the other hand, if the engine works with superheated 
steam, the work of expansion must be determined by equa- 
tion (14), p. 279, and this value, combined with the admission 
work piVi and the back-pressure work P 2 V 2 , then gives, instead 
of equation (766), 

Ln — -j^ApiVi — pQVo)-] '^ipoVo—p2V2)-- . (786) 

Here we must take /c=1.333 and // = 1.135, the symbols po 
and ro referring to the point of intersection To of the expansion 
curve with the limit curve (see Fig. 27, p. 279). 

The values po, vo, and povo are easily determined from equa- 
tions (11) and (12a) to (12c), p. 278, and moreover we find 

/P2\i^ 

P2V2^POVO[-J " , 
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denser pressure, the exhaust from the cylinder occurs against the 
constant back pressure of the condenser, the condensation of the 
steam is complete, and the feeding of the boiler is effected with 
water at the lower temperature limit ( 2 - The process therefore 
corresi)on<ls to an indicator diagram of the form of Fig. 38, p. 398. 

For present purposes I have designated the cycle as a “ normal 
cycle ” ’ ; this cycle has also been taken as a basis of M 0 1 1 i e r ’s 
discussion, 2 and he calculated the corresponding efficiency for a 
whole series of very different but good experiments on steam 
engines which, in the course of time, have been conducted at 
different places. 

For a steam engine working with saturated steam, 
under the assumptions indicated, equation (36), p. 398, is at once 
valid. If we assume dry steam, so that xi=l, and designate 
by Ln the work of the normal cycle for the unit of weight of 
steam, then (for (?=1) the quoted equation gives 

Ah„= 5 'i — 52 — r 2 (ti — t 2 )+^(Fi — Fs). • . (76a) 

On the contrary, if we are dealing with an engine using super- 
heated steam and if T is its temperature, then by preceding 
propositions we have 

rp 

ALn^" (I i~Q2~ 'I' '^ 2 ) — T 2 ) +Cp(T—Ti)—CpT2 loge^, (<^66) 

where of course it is assumed that the steam at the end of the 
expansion is saturated and wet, a ease that will always exist in 
practice. 

If, in this manner, there has been calculated the value for 
one case or the other, then, with the help of the indicated work U 
observed in the engine, we get the efficiency which may be 
designated as the indicated efficiency 



^ Zivilingenieur, 1896, Vol. 42, p. 665. 

2 M 0 1 1 i e r, '' t)ber die Beurtheilung der Dampfmaschinen.” Zeitschrift des 
Vereips deutscher Ingenieure, 1898, Vol. 42, p. 685. 
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The value 



has been designated as the 


reduce d 


steam weight. 

Example. In the data furnished by S c h r o t e r for the exam- 
ples on p. 443 there was given for an engine with saturated steam 
(example 1) 

Dh= 5944.1, iYi = 1007.23, Q= 624.4 cal. 

[D/,-13104.5, 993.431, Q - 1123.92 B.t.u.]; 

therefore 

^=5.901 [=13.191]. 

For the engine with superheated steam (example 2) 

I>A= 5606.4, lVi= 1042.4, Q'= 663.0 

[Z)a = 12360.0, iVi=1028.12, Q'= 1193.4]; 

therefore 

— = 5.378 [=12.05]. 

iV i 

Accordingly we find in a correct comparison for the second engine, in accord- 
ance with equation (76), the reduced steam weight 

which is to be compared with the value 5.901 [13.191] of the first engine. 


The thermal efficiency is always very small and allows the 
utilization of the heat to appear more unfavorable than it really 
is; moreover, it does not enable one to recognize the parts of 
the cycle of an actual engine which are capable of improvement. 
Thought has therefore been given to devising for the steam engine 
a working cycle that will serve as a standard of com- 
parison, the work of the cycle being compared with the 
'actually observed indicated work Li. Different suggestions have 
been made as to this standard cycle; doubtless the most suitable 
cycle is the one already discussed in § 51, p. 396, as the “cycle of 
the actual steam engine,” but in that case the losses there mentioned 
under (a) to (/) should be ignored; it is therefore assumed that in the 
cycle (so free from loss) the admission takes place under constant 
boiler pressure, the expansion is adiabatic and extends to the con- 
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But this can also be written 


Dh 3600x754 Q 

Nr 


Q ALi 

and hence, with equation (72), 

D,, 3600 x 754 

Ni~ 


[ 


Da 3600 x5504 Q 

Nr 


Q 


AN 


i 


or 


Q'^t 


[ 


Dh 3600 x5504 -1 


Ni 


Qvt 


J’ 


636.79 


iP) ■ 

r— 2562.0 —1 


(75) 


We see from this equation that the ratio D^'Ni does not take 
the place of an efficiency factor, but that we must also take into 
account the heat quantity Q which is necessary to generate one 
kg. [lb.] of steam. For the same type of engine the value Dh'.Ni 
can serve as a standard of comparison, but if we wish to compare 
an engine working with superheated vapor with one using saturated 
steam, then, as has been repeatedly proposed, we can proceed as 
follows : 

For equal thermal efficiency r)t we find, from equation (75), 



where the symbols relating to superheated steam are primed to 
distinguish them from the ones belonging to the saturated steam, 
and then we get, with equations (73a) and (736), 



qi-qo+ri /Dh\ 
qi -qo+n+Cpit-ti) \n tJ 


( 76 ) 
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Example 2. This engine worked at the same boiler pressure 
Pi = 7.2 kg. with superheated steam of a temperature ii=231° [447.8° F.]. 
The indicated work in horse-powers was found to be = 1042.4 [1028.12], 
and the steam weight consumed per hour is Da = 5606.4 kg. [12360.0 lb.]. 
Here, as before, the indicated work per kg. [lb.] of steam is 

Li = 50201 mkg. [164320 ft-lb.]. 

The temperature of the feed water during this experiment was ^^=25.5° 
[77.9°], and accordingly we calculate, from equation (736), 

(3 = 663.0 Cal. [1193.4 B.t.u.], 
and then, from equation (72), the thermal efficiency 

)?«=0.1786, 

and the indicated work, per unit of heat, 

- = 75.718 [=138.03]. 

Comparison with the results of Example 1 shows the advantage of employing 
superheated steam. 


The method of judging of the excellence of our steam engines 
developed in the foregoing has hitherto rarely been employed 
when working up experiments; it is still the general custom to 
state the hourly steam weight (D^) in kg. [lb.] which is consumed 
with the indicated work Ni; and it is usually stated as a ratio 
DhiNi, as the indicated steam consumption per hour per horse- 
power.” 

It has often been pointed out that this statement must be 
accepted with caution where it is a question of comparing an engine 
for saturated steam with one for superheated steam; we will 
therefore touch upon the question briefly. 

Let Li be the indicated work of the engine reduced to o n e kg. 
[lb.] of steam and expressed in mkg. [ft-lb.], and let Z)^ be the 
hourly steam consumption, then we get at once 


or 


LiDji 

\n 

LiBn 1 

'3600x75 

[iV, 

3600 x550j 

3600 x75 

[Dh 

3600 x550-| 

Li 

iNi 

“ Li J 


. . ( 74 ) 
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for the ^Hhermal efficiency of the engine. The indicated work 
Li is found from the indicator diagram, while the heat quantity Q 
can be easily calculated in the present case. If ti is the tempera- 
ture of the saturated steam corresponding to the normal 
boiler pressure pi and if to is the temperature of the 
feed water, then, from what has preceded, we get for an engine 
working with dry saturated steam 

Q = ?i-?o+rL (73a) 

On the other hand, if we are dealing with superheated 
steam of the temperature t, which is always generated under the 
constant pressure pi, we must write 


Q — — (736) 

where 0.4805. 


Example 1. In an experiment on a triple-expansion engine^ work- 
ing with saturated steam, the indicated work in horse-powers was found to 
•be iVi = 1007.23 [993.431], and the steam weight generated per hour in the 
boiler amounted to D/i ==5944.1 kg. [13104.5 lb.], or per second Dj =*1.6511 
kg. [3.64 lb.], and hence the indicated work per kg. [lb.] of steam was 

= 45752 mkg. 

552^ = 150101 ft-lb. ]. 

For the boiler pressure pi we have the temperature = 165.2° [329.36°]^ 
and the total heat qi -f-r, = 656.9 Cal. [1182.42 B.t.u.]; the heat of the liquid 
for the feed water is ^(, = 32.5 [56.7], accordingly Q = 624.4 Cal. [1125.72 
B.t.u.], and from equation (72) there follows the ^Hhermal efficiency '' 

= 0.1728, 

and then we also have, from equation (72), 

Li: Q = 424 1 ?^ = 73.273 mkg.: Cal. 

[Li : Q = 772.837 rjt « 133,346 ft-lb. : B.t.u.] 

as the indicated work per unit of heat. 

^ SchrOter, “ Vergleicheade Yersuche mit gesattigtem und uberhitztem 
Dampfe an einer 1500-pferdigen Dreifach-Expansionsmaschine.”. Zeitschrift des 
Vereins deutscher Ingenieure, Yol. 40, 1896, p. 249. 
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If in Judging the superheated steam engine we wish to 
proceed in the same manner as in the engine working with satmated 
steam, we must first settle what cycle is necessary for perfection 
in the former engine; it is certainly not the Carnot cycle; 
but then, supposing the problem capable of solution, we should 
not obtain the same measure for the two types of engines; only 
engines of the same kind could be compared with respect to their 
excellence, we could not compare an engine of one type with that 
of another. 

The question raised here has, in the course of time, called forth 
different investigations and propositions, and quite recently, par- 
ticularly in England, has led to lively discussions among mechan- 
ical engineers. The question is evidently one of great technical 
importance; the difficulty involved is, however, due to the 
fact that in comparing two engines we have accustomed our- 
selves too greatly to taking the steam consumption as 
a basis, instead of the heat quantity required for the 
production of the steam in the steam boiler and superheater com- 
bined. 

Let Li represent the indicated work of any kind of 
steam engine, measured in mkg. [ft-lb.] and reduced to one 
kilogram [one pound] of steam consumed, and 
let Q be the heat quantity necessary to produce the steam, then 
the ratio 

• Li : Q 

at once furnishes an unobjectionable measure for the excellence of 
the engine considered; ^ the value has already been designated (p. 
384) as the engine-power equivalent of the heat; it was especially 
calculated for a perfect engine working with saturated steam and 
tabulated in Col. 5, p. 387. 

If we express the indicated work in units of heat, write ALi 
in place of Li, and designate the ratio by jj(, we get 


?<= 


ALi 

Q 


(72) 


^ See article by the author, “Zur Theone und Beurtheiiung der Dampf- 
maschinen.” Zivilingenieur, 1896, Vol. 42, p. 665. 
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The great progress in the construction of two - and three- 
cylinder engines is due to the use of high steam pressure, 
far-going expansion, generous steam-jacketing, and to the fact that 
the interior of the high-pressure cylinder is no longer directly in 
communication with the interior of the condenser during the 
exhaust of the steam. 

b) Engines for Superheated Steam. 

§ 56. THE INDICATED WORK AND THE THERMAL EFFI= 
CIENCY OF THE STEAM ENGINE. THE STANDARD 
CYCLE AND THE CORRESPONDING EFFICIENCY. 

In the foregoing articles the investigations referred expressly 
to engines working with saturated steam; in this connection a 
perfect steam engine was understood to be one describing 
the Carnot cycle, and this cycle was used as the “standard 
cycle” in judging of the cycle of the actual engine (see § 51, p. 396). 

As long as we ignore the heating plant and only consider the 
heat quantity entering the boiler and which is at our disposal 
under the upper temperature limit, there can be no objection 
from the purely theoretical standpoint to 
this use of the Carnot cycle. 

As time passed, however, engines working with superheated 
steam were more and more extensively used and steam tem- 
peratures up to 350° C. [662° F.] were employed, so that with 
such engines it has become necessary to drop the Carnot 
cycle as a standard for comparison. 

This cycle demands that the steam generation take place at 
constant, highest temperature, and this temperature must there- 
fore exist in the steam boiler itself, in which the water is first con- 
verted into saturated steam, and then it must be brought, in the 
superheater, at constant temperature with diminishing pressure, 
into an available condition. The steam temperature of 350° C. 
[662° F.] is, however, already close to the critical temperature 
t*=365° [689°], which corresponds to the steam pressure pfc = 200.5 
atmospheres (p. 207); enormous and entirely inadmissible boiler 
pressures would therefore obtain. 
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condenser; but for this purpose we can substitute (?o=0 and 
■^,•=0; we therefore obtain 

G'»(26~95)=G'[92~9o+^2(p2+-dp3W2)]+Qc. . . . (72) 

If we compare this formula with equation (33), which was 
given on p. 137 for the surface condenser, we find that in the 
preceding case the heat quantity Qe has been added to the right 
member of the equation, but that in other respects there is an 
identity, provided we consider that in the preceding developments 
■other subscripts have been chosen for the same quantities. 

That one must take account of the value Qc in calculating the 
weight of cooling water has been emphasized by Dwelshauvers- 
D e r y ; ^ of course this assumes that Qc is known. For this 
purpose Dwelshauvers-Dery supposes that Ap 3 U 2 can 
be neglected, that during exhaust the heat quantity Qc is, under all 
circumstances, just sufficient to completely evaporate the quantity 
of water (?(1 — X 2 ) present at the end of expansion, and that we may 
assume Qc=G(l — Z 2 )p 2 ; from equation (72) then follows 

Giiqe—Qs) = G{q2+P2—qo), 

an equation which has been proposed for practical use and in 
structure agrees with the formulas proposed for the same purpose 
on pp. 137 and 140. 

The presentations of the whole preceding section, which deals 
with the calorimetric investigation of single -cylinder engines, 
have shown that the final discussion of certain doubtful points can 
be reached only by further experiments. The method will also be 
of importance in multiple-cylinder engines, and will be specially 
helpful in clarifying the subject of the supplementary heating of 
the cylinders and receivers. 

The fundamental equations developed above can easily be 
extended to engines with several cylinders; but the further 
pursuit of this question would lead us too far from the purpose of 
the book. 

^Dwelshauvers-Dery, “Note sur la th^orie des condenseurs.’^ 
Revue universelle des mines, 1889, Vol. V, 3d Series, p. 225. 
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responding absolute temperature T' as ordinate, then the curve 
I)as.sing through the points thus obtained is the transformation of 
the e.x;pan.si(jn curve, and the areas of the strips lying under this 
curve give directly (as was explained on p. 64) the law of the 
variation of the heat exchange; moreover, the direction of the 
curve in its various parts shows whether the heat flows from the 
walls to the steam or in the opposite direction. 

In the same way the compression curve can be transformed; 
but in effecting the transformation of the admission- and exhaust- 
pre.ssure curves we encounter the difficulty that 0 appears to be 
varial)le in equation (70) ; in the former curve 0 appears to increase 
and in the other to decrease; accordingly we must either assume a 
particular hypothesis with respect to the change, or sketch in the 
transformation curve for the admission and emission according to 
what seems probable and possible, and this is what D w e 1 s - 
hauvers-Dery really did in the method proposed by him. 
But to all this there is opposed the circumstance that the admission 
and the expansion curves in certain portions of their course already 
memtioned cannot be regarded as reversible pressure curves. We 
will therefore omit a further consideration of the question. 

On the other hand the consideration of the third fundamental 
equation under (III), p. 427, gives rise to another remark. Let us 
sul)stitute in it for and J 3 the formulas given under (65), then 
there follows 

Lc + Qc — 0<}o+Gi(qa—q5)— iG+Go)(q 2 +X 2 P 2 ) +f?o(23+^3P3) +Qi- 

If we as.sume that the steam exhaust takes place under the con- 
stant mean pressure pz, we can write 

Lc = iG+ Go)Ap 3 X 2 U 3 — GoApsXzUs, 
and therefore we have, from the preceding equation, 

Otiqe —qs) "* (G+Go)[q2 +X2{p2+ Apzu^)] 

—Gqo—Goiqz + 3 : 3 X 3 ) +Qc—Qi) 

from which can be found the weight (?» of the cooling water for the 
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transferred, and thus to construct, along with the indicator dia- 
gram (diagramme des pressions), heat-exchange diagrams (clia- 
grammes des changes). 

But the representation in question is a very cumbersome one, 
and it is much better to replace it by the method of representation 
often employed above in the transformation of the pressure curves. 
Here, therefore, we will simply refer the reader to D w e 1 s - 
hauvers-Dery’s article in which the procedure is also 
applied to H ir n ^s eighth experiment. On the other hand, we 
will briefly state how the method of transformation can be employed 
for the same purpose. 

In the first place let us specially consider the expansion curve 
ah of the indicator diagram in Fig. 46, then the transformation of 



Fig. 46. 


this curve will show graphically 
the heat exchange between 
steam and cylinder walls during 
the course of the expansion. 

If for any point a' of this 
curve there is taken from the * 
indicator diagram the corre- 
sponding piston travel V' and 
the steam pressure p', then the 
steam tables will give for the 
latter value the quantities w', 
p', and f, also t' and r'. 


For the considered point a', therefore, the steam quality x' is- 


determined from the equation 


(G+(?o)a;'^(F'-}-Fo)r', (70) 


and, according to the propositions discussed on p. 64, the corre- 
sponding hear weight P' is found from the equation 

^F = «?+Go)(t'+^) (71). 


If we now determine for a series of points of the expansion 
curve the value P', and lay off this value as abscissa and the cor- 
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•quantity Qc which escapes to the condenser appears to be very consider- 
.able; according to the above calculations the total heat quantity which is 
■expended per stroke in steam formation is Q = 193.95 cal. [769.66 B.t.u.], 
and then there follows, according to the preceding two assumptions, 


Qc 

’Q 


= 0.114 and 


0.107 respectively, 


and this loss will nearly correspond to the loss of effect which is called forth 
when, during exhaust, the interior of the cylinder is set directly into com- 
munication with the condenser space. 


From the numerical result of the preceding example it may 
well be inferred that, with the indeterminate value Go, there 
still exists a lamentable uncertainty in the whole question dis- 
cussed here, and that, according to the assumption made with re- 
spect to the value xs, we obtain different values for those heat quan- 
tities which are to afford an insight into the heat exchange between 
steam and walls. It is surely a dubious proceeding to adopt the 
hypothesis 0:3 = 1 , i.e., that the steam in the cylinder at the begin- 
ning of compression is always exactly dry saturated, and to say 
that it is generally valid for all s i n g 1 e - c y 1 i n d e r condensing 
‘Cngines- 

Recently, with this hypothesis as a basis, these computed and 
exchanged heat quantities have been represented graphically in 
the indicator diagram by representing the heat quantities expressed 
in units of work by rectangles having bases corresponding to the 
piston travel. 

Let hay Aft, he, and hd be the heights of these rectangles, then 
they can be computed from the formulas 

7iA^=424 Qay (F2-7i)A5=424 Qj, [772.83], 
{Vi-Vz)he=^mQc and (Fa- F4)Ad-424Qd [772.83], 

and these heights are to be introduced into the diagram with refer- 
‘Cnce to the algebraic sign, a procedure into which we will not enter 
here. 

Dwelshauvers-Dery has gone more thoroughly into 
this question (see remark, p. 434) and tried to show at the same 
time, by specially drawn curves, the course of the heat 
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There furthermore follows from equation (64a) 

kg., + 0.2448 kg. | . 

^0^3= 0.0038 kg., C?o^4 = 0.0018kg. J * * ‘ 
r((?+Go)2;i= 0.633 lb., ((? + Go):r2 = 0.538 lb.,i 
L =0.0084 lb., G>4 = 0.0040 lb. J * 

Now these equations furnish a remarkable result. If we really make 
the assumption that, at the end of the exhaust, the steam present is exactly 
dry saturated, then 0:3= 1, and, according to the third of the preceding equa- 
tions, Go = 0.0038 kg. [0.0084 lb.], hence (r+(ro = 0.2860 kg. [0.6305 lb.], and 
therefore, according to the first of equations (a), there follow^s a:i> 1, and 
the steam is still superheated at the end of the admission, although, as it hap- 
pens, to a very small degree in the present case. A still greater superheating 
would obtain if it were assumed that the steam at the end of 
compression is dry saturated, so that 0:4 = 1 ; then, in order to further follow 
the problem, it would be necessary to have recourse to some of the equations 
given under (66) and (67); but if we hold fast to the assumption that the 
steam is not superheated at any of the four main points of the indicator 
diagram, that is the limiting case for which o: = l and (7 -1-^^, = 0.2869 kg. 
[0.633 lb.], and in such a case we must assume (?<) = 0.0047 kg. [0.0104 lb.]. 
We then get from equations (a) 

a:i = l, = 0.853, a:.3 = 0.808, ^1:4 = 0.383 ; 

therefore we calculate from equations (65) and from the fundamental equa- 
tions (I) to (IV) : 

=172.78, 149.78, /3= 2.28, 

Qa= 7.69, = 13.76, = 22.09, Qd = 1.17 

r/, =685.65, 594.38, /3= 9.05, ^4 ^5.20,1 

IQc-= 30.587, = - 54.604, Qc =87.660, Q<i=4.642J' 

On the other hand, if we make an assumption which is well within the 
region of possibility and take a;3=0.1, we then have Go = 0.0380 kg. [0.0838 
IbJ and G + Go = 0.3202 [0.7059], and then we find, according to equations (a), 

a:i=0.896, ^2=0.765, a:3=0.100, a:4 = 0.047, 
and furthermore, 

Jx =176.94, J 2 = 152.94, J, = 4.04. = 4. 14 Cal., 

Qa= 6.38, 06- - 14.75, Qc =20.70 0d= 0.10 

rJi =702.16, J,= 606.91, J3 = 16.03, J4 =16.43 B.t.u.,1 

LQa= 25.318, Ob-- 58.533, Qc=82.144, Q<i= 0.397 J' 

The circumstance that in both cases 'Qb appears negative shows that 
heat is given off by the steam to the cylinder walls, not only during 
the admission, but also, taken as a whole, during the expansion. The heat 
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According to equation (63&) we then get A = 687.29 Cal. [1237.122 B.t.u.]; 
and therefore the heat necessary for the generation of the steam is 

Q = 687.29 XG = 193.95 Cal. [769.66 B.t.u.]. 

The heat quantity taken up by the injected water is 
^5) = 161.56 [641.12 B.t.u.]. 

Now, according to Hallauer and Dwelshauvers-Dery, 

4- 7, = 0.2224 cbm., 7^ + y, = F, + 7 = 0.4900 cbm., 

7^) + 73 = 0.0400 cbm., + = 0.0050 cbm. 

rV^+V, = 7mi cu.ft., 7 o 4- 7^ = 7^ + 7 = 17.295 cu. ft.,-] 

L7o + 73 = 1.413 cu. ft., 7o + 74 = 7^ = 0.1766 cu. ft. J' 


and hence in this engine there is approximately neither pre-admission nor 
pre-exhaust of the steam. 

The steam pressures at the four principal points (Eig. 44) are 

p, =23070 kg., p2 = 8417kg., ^^=1447 kg., ^4 = 5787 kg. 

[pi = 32.813, P2 = 11,972, ^3=2.058, p4 = 8.231 lb. per sq. in.]. 

These values, supposing wet steam to exist at all four points, give, ac- 
cording to steam tables 11 and 12 of the Appendix, the quantities 


( 

( 


<ll 

= 125.00, 


- 94.79, 

^3 = 

- 52.96, 

^4 = 

84.80 

cal. 

Pi 

=477.22, 

P2 = 

= 500.76, 

P3 = 

= 533.59, 

Pi — 

505.58 

cal. 

Ti 

= 1.2900, 


-0.4996, 

7*3 = 

-0.0945, 


0.3507 

kg. 


= 225.00, 

^2 = 

= 170.62, 

qz- 

= 95.33, 

^4 = 

152.64 

B.t.u. 

Pi 

=859.00, 

P 2 - 

= 901.37, 

rz= 

= 960.46, 

Pi^ 

910.04 

B.t.u, 


= 0.0806, 


=0.0312, 

T3 = 

= 0.0059, 

74 = 

0.0219 

lb. 


1 


Finally these other work quantities were taken from the indicator dia- 
gram and were 

La= 14.79 Cal., Lfc = 9.24Cal., Lc = 1.97Cal., = 0.20 Cal. 

[La-58.691, L6-36.667, Lc = 7.818, L^- 0.794 B.t.u.], 

from which follows, according to equation (V), 

Li = 21.86 Cal. [86.747 B.t.u.], 
and from equation (V a) 

Qi + Qv-Qr-Qm = 0,57 Cal. [2.262 B.t.u.]. 

As there is no steam jacket, Qm == 0 ; if we further estimate, as G r a S' h 0 f 
did, Qr-0.22 Cal. [0.873 B.t.u.] and (2t?-0.75 Cal. [2.976 B.t.u.], we get 

Qi = 0.04 Cal. [0.159 B.t.u.], 
a very small quantity in the present case. 
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•experiments with superheated vapor, and only two of them were 
conducted with a saturated (wet) vapor; the eighth was carried 
on with superheated steam, but without condensation. 

Hallauer^ first reported on these experiments in 1877, 
and later a more detailed report with a statement of essential data 
was made by Dwelshauvers-Dery.^ The reports of later 
experiments by others (some of them made in England) are not 
sufficiently complete to be followed by calculation; the only 
exceptions are experiments by Delafond^ on a Corliss 
engine. These experiments were conducted with great technical 
knowledge and were subjected to discussion; they were made on 
an engine especially arranged for such experiments, and were con- 
ducted at different boiler pressures with different ratios of expan- 
sion, and also with and without a steam jacket; unfortunately 
Delafond was not in a position to observe the quantity of 
cooling water supplied to the condensers, so that his experiments 
■could not be utilized in the direction of the above investigations. 

For the elucidation of the preceding investigations let us con- 
sider more fully Hirn’s experiment of August 27th, 1875; I 
have already analyzed the experiment (see note, p. 421) and 
G r a s h 0 f (see remark, p. 430) then worked it out as an example; 
more recently this experiment was treated by Dwelshauvers- 
D e r y,2 who subjected all eight experiments to investigation. 

Example. Hirn^s engine without a steam jacket; the pressure 
in the boiler is p =48,075 kg. [68.38 lb. per sq. in.], the temperature ^ = 150® 
[302°]. The working steam is superheated and has the temperature 
^x = 223° [433.4°]. 

There is a jet condenser, steam weight per stroke is C== 0.2822 kg. 
[0.622 lb.]; the weight of injected water is =8.5983 kg. [18.956 lb.] and 
its initial temperature is = [61.7®]; the final temperature, which is 

here identical with condenser temperature, is ^6 = i^Q = 35.26° [95.47°]; accord- 
ingly = 16.51 Cal. [29.718 B.t.u.] and ^ 6=^0 = 45.30 Cal. [63.54 B.t.u.]. 


^Hallauer, '^Experiences sur les moteurs k vapeur.^’ Bulletin de la 
societe industrielle de Mulhouse, 1877, Vol. XLVIL 

^Dwelshauvers-Dery, "Methode' nouvelle pour representer 
rechange de chaleur entre le metal et la vapeur.^^ Bulletin de Mulhouse, 1888. 

^Delafond, "Essais effectues sur une machine Corliss aux usines du 
•Creuzot.’^ Annales des mines, 1884. 
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sion, at the point a (Fig. 44, p. 422), because the equilibrium-' 
pressure curve to which the values ui, yi, etc., belong is, in 
reality, higher. Therefore if we use the measurement of pi 
the first of equations (64a) will give a value for Xi that is too small;; 
the same thing follows for Ji, according to the first of equations 
(65), and so the heat quantities Qa and Qt, found from equations 
(I) and (II) will appear somewhat greater than they really are; 
their difference will not be affected by the uncertain measurement 
of Pi because the pressure p 2 at the end of expansion can be 
assumed as the equilibrium-pressure; likewise nothing is affected 
that can be derived from (III), (IV), (V), and (VI). It would 
better suit our purpose, on the whole, not to separate equations 
(I) and (II), but use their sum in the calculation because this, 
eliminates the uncertain quantity Ji; we therefore get 


La’s'Ll) +Qa~Qb =^G 

from which we can obtain the heat quantity Qa — Qb given off to- 
the cylinder walls during the course of the admission and expan- 
sion. 

As regards the now known experiments which permit of a 
utilization of the preceding developments, those by Him on 
his Logelbach-Colmar engine are in advance of all others because 
of their completeness. The engine is a beam engine without 
steam jacket and with slide valve gear; it pos- 
sesses four slide valves, two for the admission and two for 
the exhaust; the boiler steam can be directly led to the cylinder or 
indirectly through a superheater. The diameter of the cylinder is 
given as 0.605 m. [23.82 in.] and the piston stroke as 1.702 m. 
[67.01 in.] ; when running normally the engine makes 30 revolutions 
per minute. 

Altogether eight experiments were made on the engine; two 
of them were made on November 18th and 28th, 1873, and the 
others in 1875, August 26th and 27th, September 7th, 8th, and, 
29th, and October 28th. 

Seven of these eight experiments were accompanied by con- 
densation and different ratios of expansion; five of the seven were 
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Him and his coworkers, as well as other engineers, said that 
the assumption could be made with sufficient certainty that the 
steam is dry saturated at the beginning of compression, so that we 
may assume xz =1. They conclude that the considerable quantity 
of water ordinarily present at the end of the expansion is com- 
pletely swept into the condenser considering the stormy exit 
during the exhaust and the simultaneous heat supply Qc from the 
cylinder walls after some preliminary evaporation. 

It cannot be denied that this case is possible and conceivable, 
particularly when the terminal pressure of the expansion is con- 
siderably greater than the steam pressure in the cylinder during 
exhaust, as was the case in the experiments on H i r n ’ s engine; 
these experiments will receive further mention later on. 

On the other hand the assumption must not be contradicted 
(we are always thinking of a single-cylinder engine) that, at the 
beginning of compression, the confined steam may be mixed with 
water, so that we may have a: 3 <l. 

Under the assumption of this sort of wet steam the third of 
equations (64) or (64a) gives a greater value for G(,, and a 
different value for each of the heat quantities Qa, Qu, Qe, and Qa 
is therefore found from the fundamental equations (I) to (IV); 
indeed it is possible that sometimes, in certain engines, the steam 
quality 0:3 may be considerably smaller than unity, so that the 
wetness of the steam may be considerable. 

As was said before, these questions can be decided only by 
further and careful investigations of steam engines; in general 
(see remark on p. 87) we can infer from the course of the com- 
pression curve something as to the degree of wetness of the steam; 
with a large amount of moisture the compression curve rises 
less rapidly than with a less admixture of water (see example on 

p. 86 ). 

Finally we will direct attention to a question which has already 
been touched on p. 107. Because of the stormy motion of the 
steam in the cylinder during admission and during the first part 
of the expansion, the pressure curve drawn by the indicator cannot 
be regarded as an equilibrium-pressure curve; consequently there 
is an uncertainty in measuring the pressure pi at the end of admis- 
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filling the jacket space with boiler steam when the engine is at 
rest and after the cylinder walls are thoroughly heated determining 
the amount of steam condensation in the jacket. 

Of the two difficulties specified here, the former disappears 
entirely when we are dealing with superheated steam, and both 
can be overcome; but matters are different with respect to another 
question. 

Almost all the formulas adduced contain the quantity Go, which 
in the preceding was temporarily assumed as already known and 
which states the weight of the steam in the cylinder at the end of 
the exhaust and therefore the weight at the beginning of com- 
pression. 

The question arises as to the constitution of this steam, i.e., as 
to the amount of water mixed with it — in other words, as to the 
steam quality X 4 , at the point d of the indicator diagram. Figs. 44 
and 45, pp. 422 and 425. 

If the value is known, then according to the fourth of equa- 
tions (64) or (64a) we can determine the important quantity Go 
which influences all the other quantities to be calculated, as the 
above equations show. 

This question led to the interchange of views between Him 
and myself ^ which is pretty well known to mechanical engineers. 

Since we have not yet succeeded in determining the quantity 
Go in an experimental way, directly or indirectly, recourse has been 
had to hypothesis. 


mental equations, with my notation, but he adds to the right member of equa- 
tion (I) a term K which arises in equation (II) with a negative sign which is 
intended to measure in heat the kinetic energy of the mass contained in the 
cylinder at the end of admission. I have less objection to this suggestion of 
G r a 8 h o f ’ s, because I myself first called attention to it, and because it takes 
account of the influence of the stormy motion of the mass. I have not intro- 
duced the term in the text above, because it is probably better to base the inves- 
tigations on the sum of the two equations (I) and (11) (this is pointed out later 
in the text), and then the term K will disappear from the analytical expressions. 

G r a s h o f moreover emphasizes that the term Qi should be added in the 
fundamental equation (III), and this has been done in the text above, although 
in most cases the said value may be neglected as insignificant. 

I Revue universelle des mines, 1882, 2d Series, Vol. XI, p. 15, and 1883, 2d 
Series, Vol. Xin,p. 1. 
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pression (at point d, Fig. 45), we can determine from equations 

(64) and (64a) the values 

^Ij ^2j 

provided the steam is wet in all its stages during the whole process 
within the cylinder; then from the steam tables we find for the 
pressures pi, p 2 , Pz, Vi corresponding values of ui, U 2 , us, V 4 , 
those of pi, p 2 , pzy pi, and also of ji, pz, Tz, Ti- 

On the contrary if the steam is superheated at the four principal 
points or in one or more of them, the corresponding temperature 
Ti, T 2 , Tz, or Ti of the superheated steam can be calculated from 
equations ( 66 ), and therefore in the first case the values of the four 
heat contents Ji, J 2 , Jz, and J 4 can be found according to equations 

(65) and (65a), and in the second case according to equation (67). 
We can now proceed to utilize the four fundamental equations (I) 
to (IV) and with their help determine the heat quantities Qa, Qt, Qc, 
and Qa, and this indeed constitutes the main purpose of the whole 
investigation. 

However, in doing this we encounter, in an engine working 
with wet vapor, a difficulty in determining the value A in equation 
(I), which determination is to be accomplished by equation (63a) ; 
the equation contains the quantity x for whose observation no 
certain means is at present known; we can only assert this, that 
in engines running quietly and not too rapidly the steam quality 
X differs but little from unity. 

Another difficulty is encountered when using equation (III) 
for the determination of the heat quantity Qi; but probably we 
can determine the latter accurately enough from equation (Va) 
if we regard the remaining heat quantities Qm, Qr, and Qv, occurring 
in this equation, as already determined. Qm can be found from 
equation (69), Qr from the piston friction, and Qv, according to 
Grashof,^ in steam-jacket engines, may be determined by 

^Grashof, ^^Kalorimetrische Untersuchung der Dampfmaschinen/^ 
Zeitschrift des Vereins deutscher Ingenieure, Vol. 27, 1885, p. 161. 

In this article G r a s h o f discusses my paper of the same title and in the 
main agrees with my views and also bases his considerations on my four funda- 
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Furthermore the boiler pressure p is known, and the indicator 
diagram gives, for the four principal points, the pressures 

Pi. P2, Pz, Pi. 

We determine, moreover, from the indicator diagram with the 
planimeter the magnitudes 

Lbj Lcf La, and Li. 

There is observed the weight Gi of the cooling water needed 
for the condenser and the weight of feed water needed for the steam 
boiler, both measured in kg. [lb.] and both reduced to one piston 
stroke. Now measure the steam weight G' which condenses in 
the steam pipe, by discharging and collecting it periodically; 
similarly, if the cylinder is provided with a jacket, measure the 
steam weight Gm in the jacket and reduce both to the piston stroke; 
let Gk represent the weight of the feed water; then the value 
designated by G in the above formulas is determined from the 
relation 

G = Gk — G' — Gm (68) 

But here the formulas established are valid only under the sup- 
position that the said waters of condensation are not led back to 
the boiler during the experiments. 

Let q be the heat of the liquid corresponding to the tempera- 
ture of the boiler; then we can calculate with sufficient accuracy 
the heat quantity G'q lost by radiation from the steam pipe, and 
can also compute the heat quantity Qm which enters the cylinder 
from the jacket, the latter being found from the relation 


Qm — Gmq, (69) 

whether the steam flows through the jacket to the cylinder or 
whether it stagnates in the jacket. 

If we temporarily assume that there is known the weight Go 
of the mixture of steam and water contained in the cylinder at 
the closure of the exhaust, and hence at the beginning of the com- 



428 


TECHNICAL THERMODYNAMICS. 


If a jet condenser is employed instead of a surface condenser, 
we must substitute q6=qo in this equation. 

Finally we find for the period of compression, as is 
at once evident, 

La-Qi=Ji-Jz (IV) 

for the fourth fundamental equation. 

To the fundamental equations just derived two others will now 
be added. 

In the first place we get for the indicated work Li, measured in 
units of heat, 

Li~La’\~Lb — Lc — Ld, ...... (V) 

and there exists, besides, a simple relation between the introduced 
heat quantities. Let Qv represent the heat quantity lost by radia- 
tion from the steam cylinder during one piston stroke, let Qr be the 
heat quantity which is simultaneously generated by the piston 
friction, and, presupposing the presence of a steam jacket, let 
Qm represent the heat quantity which enters the cylinder from the 
jacket; then for the normal running condition we shall have the 
relation 

Qa—Qb~Qc+Qd-i-Qr~^Qm — Qv = 0. . . . (VI) 

If we unite the first four fundamental equations in the fashion 
(Id-II— III— IV), then we get, with the help of (V) and (VI), 

Li=G(A—qo) — Gt(q6—q5)'^'(Qm+Qr—Qv—Qi), . (Va) 

an equation which might have been written directly. 

§ 55. DISCUSSION OF THE EQUATIONS FOR THE HEAT 
EXCHANGE BETWEEN STEAM AND CYLINDER WALLS. 

The formulas developed in the preceding may, under certain 
circumstances, be employed to determine, from experiments on a 
steam engine, the heat exchange between steam and cylinder walls. 

From the dimensions of the engine and the indicator diagrams 
taken, let us suppose the following quantities (see Figs. 44 and 45) 
to be determined: 

F,Vo,Fi,F2,F3,74. 
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in which the terms of the right member can be replaced by equations 
(63o) or (635) as the case may be, and by the corresponding equa- 
tions (65) or (65a) or (67). 

During expansion the heat quantity Lb is produced as 
work and the heat quantity Qb in general is supplied to the 
expanding steam; the difference therefore represents the diminu- 
tion {J 1 — J 2 ) of the heat contents; we therefore get 

Lb-Qb=Ji-J 2 (11) 

as the second fundamental equation. 

For the period of steam exhaust we must take into 
consideration the occurrences 'in the condenser. Let Gi be the 
weight of the cooling water in kg. (lb.) per piston stroke which 
enters with the temperature tg and, when a surface condenser is 
considered, flows away with the temperature tg; let to be the tem- 
perature in the condenser itself, and let us suppose that finally the 
G mixture of steam and water is completely converted into water. 

The heat content at the beginning of compression, i.e., at the 
end of the exhaust, amounts to Gqo in the water of condensation, 
to (?i2o in the cooling water, and to J 3 in the mass remaining 
behind in the cylinder ; on the other hand the heat content at the 
beginning of the exhaust is G^q 5 in the cooling water and is J 2 in 
the mass contained in the cylinder. Accordingly the increment J' 
in the heat content is 

J' = Gqo +Gi(qQ—q^ +J3—J 2 . 

During the exhaust, however, the heat quantity Qc has been 
imparted to the mass, and the work L<, has been converted into 
heat; if, for the sake of completeness, we also assume that in the 
pipe connecting with the condenser, in the condenser itself, and 
in the air pump the heat quantity Qi is lost by radiation, there 
will follow 

J' =Lc-i-Qc — Qi, 

and consequently the equating of these two values will furnish the 
third fundamental equation : 


Lc+Qc=Gqo-¥Gi{qb—qs)-{-J3—J2+Qi. . . . (IH) 
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virtue of its lower temperature, cools the walls of the cylinder 
and consequently these walls in turn cool the live steam coming 
from the boiler during the admission; let Qa designate the heat 
quantity which is thus transferred to the cylinder walls, the 
direction of the arrow attached to Qa in Fig- 45 indicating that 
the heat passes from the steam to the cylinder walls. 

During the expansion along the path ab the work /.& 
is produced; it is designated in the figure by the total hatched 
area lying underneath the portion ha of the curve; in so doing the 
heat quantity Qb is, in general, imparted to the expanding steam 
by the walls, which flow is indicated by the reversed direction 
of the arrow. 

During the exhaust of the steam the quantity of 
heat Qc is imparted to the steam, and the work consumed amounts 
to Lc and is measured by the closely hatched area lying under be. 

Finally during compression along the path cd there 
is consumed the work La which is measured by the closely hatched 
area lying under cd, and in so doing a certain quantity of heat Qa 
is imparted by the steam to the cylinder walls. 

The problem here is to determine the four heat quantities 
Qa, Qb, Qc, and Qa; it is Qc in particular whose determination is 
of practical importance, as Him very properly points out; 
this heat is completely lost for the running of the engine, because 
it is given to the steam by the cylinder walls just as it is leaving 
for the condenser. 

The determination of the four heat quantities requires four 
fundamental equations, the setting up of which now occasions no 
difficulty. During admission the boiler receives the heat 
quantity Q (compare equation (63)), the heat quantity Qa enters 
the walls, and the heat quantity La is converted into work; there- 
fore Q-Qa-La must have been expended to increase the heat 
contents of the steam in the cylinder. Now /i is the heat content 
at the end of admission (at the point a), and Ji the content at 
the beginning of the preadmission of the steam (at the point d), 
and therefore Ji -Ji is the increase of the heat contents; accord- 
ingly we get for the first fundamental equation 

La + Qa = ^'G-^Ji — J\, (I) 
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If for this we write J—a+^pv, where, in accordance with the 
values of Jo and k given earlier on p. 249, we must substitute 
a =476.11 [857.00] and /? =0.007075 [0.003982], then in place of 
equations (64) we have 

(Vt + Vo)pi =iG+Go)[BT, 

(V2 + Vo)P2 = (G+Go)[BT2-C4^], 

(Vs + Vo)p3 ^GJiBTs-C^psl 

(T^4 + 7o)p4=»o[B7’4-C^M 

and for the heat contents we get in place of equations (65) or 
(65o) the following equations: 

Ji=<x(G +Go) +^(V i + V o)pi, 

J2=a.(G+Go)+^iV2 + Vo)p2, 

... . (67) 

J 3 =a(jo +id(l^ 3 + 1^ o)p3, 

Ji—aGo+^(Vi + Vo)pi. 

In Fig. 45 the indicator diagram of Fig. 44 is repeated, but 
here there is also indicated the heat exchange that occurs. During 
admission along the path ao a 
work L„ is produced which is j 

determined by the total r* 

area l 3 dng under ao and can 
easily be found from the dia- | I ]]]|h. ^ 
gram by the planimeter and be v i I IliL 

expressed in meter-kilograms V; I lllli]]^ 

[foot-pounds], or if we divide I I ^ 11 Nil iP®* 
this value by 424 [772.83] 1 | jj | j j j[|j[j|| || 

we get the expression in imits o ^ li r 

of heat. In the followii^, in v 

order to simplify the formulas, ^ 

we will assume that the quanti- 
ties of work occurring in the diagram are' always expressed in 
units of heat. 


Him now concludes that during the discharge from the 
cylinder, i.e., when the interior of the cylinder is in communi- 
cation with the condenser, the steam along the path he, by 
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By combining the two corresponding equations of (64) and (65) 
■and considering the transformation discussed on p. 77, we ob- 
tain 

Ji=((?+Go)^h + (Ti + Fo)^, 1 


J2 =((?+Go)^fe + Vo ) — ) 

U2 


Jz-Go<otzHVz + Vo)f, 

V'S 

J,^Go<oU + iV, + Vo)^, 

where we may substitute for the vapor of water (o=l. 

Finally equation (64) can be written in simpler fashion when 
we neglect a as very small and introduce the specific weight y 
■of dry saturated vapor; 

iG+Go)x, = {V, + Vo)ri, ) 

{G+Go)x, = {V2 + Vo)r2, 

GoX3 = {V3-+Vo)n, 

=(1^4+l^o)r4- - 

On the other hand if the steam in the cylinder is in a super- 
heated condition, which happens when in one or all 
of the cardinal points the preceding equations give the impossible 
value a:>l, then the temperature T takes the place of x. 

According to p. 237 the equation of condition for a unit of 
weight of steam is _ 

pv^BT-C'^p, 

where, when p is given in kg. per sq. m. [lb. per sq. in.], we must 
substitute 

5=50.933 and C = 192.50 
[5=0.64459 and 0=22.5819]. 

The heat content of a unit of weight of superheated steam, 
■on the other hand, is calculated from equation (56), p. 249, and is 

/C — .1 
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At tlie point c the exhaust port is closed and compression begins. 
Along the path he the interior of the steam cylinder is eoixstantly 
in communication with the condenser, while compression takes, 
place along the path cd, preadmission occurring as early as the 
point d. Let the space swept through by the steam piston from 
the shut-off at c to the end of the stroke be designated by V3, anil 
let Vi be the piston travel from the beginning of the preadmission 
to the end of the piston stroke ; let the clearance be characterized 
by Fo and let Gq represent the weight of mixture of steam and 
water confined in the cylinder whUe compression takes place along 
the path cd. 

In the further investigations it will be assumed that the dia- 
gram shown in Fig. 44 is given by particular indicator experiments, 
and that it is now a question, of obtaining, with its help and appro- 
priate measurements, a clear conception of the heat exchange 
between steam and cylinder walls. 

At the four points a, h, c, and d we find respectively the pressure 
Ph P 2 , p.3; a,nd Pi, and for the volume of steam at each of the four 
points Va + Fo, F^ + Fo, F3 + F0, and F4+F0. 

In the first place let us assume that the steam is wet in all 
parts of the whole cycle, and let the steam quality at the four 
cardinal points be, respectively, Xi, Zi, 0:3, and a:*; then ve imme- 
diately obtain the following relations : 

Fi + Fo = ((7+Go)feui+-a), 

F2-l-Fo = (<jr-i-Go) (Z2'U2 Va), 

Vs + Vo=GoiX 3 U 3 + c), 

F4-I- Ffl =ffo(334'W4'bir). 

I lf we designate by Ji, J^, Jz, and Ji the heat contents of the 
mixture of steam and fluid at the four points, then by a much-used 
proposition we have 

J: =(G'+Go)(?i Vxipi), 

I J2 = iGv6o)(q2+X2Pi), 

I Js^OoiqsVxsfis), 

Ji—GoiQi VXiPi). 
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equation (63a) Q refers expressly to the steam mixture G which 
actually enters the cylinder. 

On the other hand, if the steam engine works with super- 
heated vapor, and its temperature at the entrance to the cylin- 
der is designated by t^, then the heat quantity necessary for the 
generation of the steam is 

Q—G[q-{-r-hCp{tx—t)], (636) 

where Cp= 0.4805 represents the specific heat at constant pressure 
for the vapor of water. 

Hereafter, in the one case as in the other, the heat quantity 
supplied to the boiler will be represented simply by 

Q = kG, (63) 

where the significance of A follows from comparison with equations 
(63a) and (636). 

After this preparation we can proceed to a closer consideration 
of the occurrences within the steam cylinder of a condensing engine. 

Fig. 44 is a sketch of an in- 
dicator diagram taken with the 
indicator. 

The end of the admission is 
at the point a, and it is here 
that the expansion begms; at 
the point 6 we have the end of 
expansion and therefore the be- 
ginning of the exhaust of the 
steam. At this instant suppose 
the piston to have traversed in 
the cylinder the volume F 2 , 
while the volume swept through during the admission is designated 
by Vi. The volume traversed by the piston during the whole 
stroke is designated by V, and as the figure gives V 2 <V we have 
here preexhaust. 
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complete fashion and by setting up certain analytical expressions. 
The equations in question, however, on account of their general 
form, are not suited for utilizing in a numerical way existing 
experimental results for the purpose of elucidating the problems 
arising here; in general they only furnish a basis for the following 
of the complicated occurrences. For the purpose of direct practical 
utilization I have cast the fundamental equations into a particular 
form and have thus more fully elucidated the course of H i r n ' s ^ 
thought ; at the same time I pointed out that account ought to be 
taken of other questions which were not considered in working up 
the Alsatian experiments. 

The fundamental equations set up by me have since then come 
into general use, but concerning the extensions mentioned, of which 
we will speak later, there are still different opinions, and unanimity 
will probably only be attained after further experiments on actual 
engines. 

For the following investigations we will assume a single-cylinder 
engine, and before discussing the occurrences in the cylinder itself 
we will determine the heat quantity Q which must be imparted to 
the steam boiler per stroke. Let G be the weight of the mixture 
of steam and water which enters the cylinder during every stroke; 
let X be the quality of the steam which is formed in the boiler under 
the pressure p and the corresponding temperature t. For the sake 
of simplicity and because the following investigations are not lim- 
ited thereby, let us assume that the boiler is fed with water of the 
temperature of 0° [32®] ; then the heat quantity Q supplied to the 
boiler per stroke is 

Q^G{q+xr) (63a) 

If, in the assumed experiments, (?'kg. [lb.] of steam 
condenses in the steam pipe on account of the radiation of the 
heat, then, in order to avoid specially introducing it into the cal- 
culation, it must be discharged to the outside and must not be led 
back for the purpose of feeding the boiler as is usually done. In 


1 "Kalorimetrische Untersuchung dcr Dampfmaschinen.” Zivilingenieur, Vol. 
27, 1881, p. 385, and Vol. 28, 1882, p. 353. 
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ignoring in so doing the heat quantity which has been lost in the- 
meanwhile by radiation to the outside. 

The afore-mentioned action of the cylinder walls is manifested, 
in the indicator diagram, to a certain extent, by the changed 
course of some of its curves; its influence is manifested particularly 
during the expansion and compression periods in which the steam 
runs through its changes of state while confined in the cylinder; 
but this is accompanied by a change of the indicated work of the 
engine, and it is to be expected that certain losses of work and 
losses of effect will occur whose determination will require a more 
thorough study of the problems involved. 

The distinction of having first pointed out emphatically the 
necessity for taking account of the influence of the walls on the- 
working steam, when specially investigating the steam engine, 
belongs to H i r n, and he also conducted the first experiments on. 
a large engine, and he inspired a series of other experiments which 
were conducted in Alsace by Hallauer, Leloutre, and 
others, under his guidance and cooperation. In the ‘^Bulletin 
de la Societe industrielle de Mulhouse we find, from the year- 
1855 on, a series of articles and reports on such experiments, all. 
of which pursued the same aim; in working up the results my 
formulas for the heat contents of mixtures of vapor and liquid, and*, 
also my steam tables, were employed with advantage. 

It is not possible beforehand to pursue analytically the occur- 
rences under consideration, and therefore it is necessary to reverse- 
the problem and to present clearly, by analytical expressions, the: 
connections between the experimental results for the purpose of 
discussion; for this sort of investigation Gustav Schmid t^ 
introduced the suitable designation ^‘calorimetric investigation of 
steam engines."' 

L e cl 0 u X ^ first touched the question with the help of the : 
corresponding laws of thermodynamics without attaching himself 
directly to Hirn's presentations and experimental results;, 
this was first done by Dwelshauvers-Dery^ in a more ^ 


^ Le do u X, '‘De la condensatioa de la vapeur ^ riatdrieur des cylindres. 
det> machines.'' Annales des mines, 1877. 

*Dwel8hauvers-Dery, “ Expose succinct de la th4orie pratique des , 
naoteurs h vapeurs." Revue universelle des mines, 1880. 
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:bine the four values and consider the relations 

(Fi “f Fo)pi =(F 2 + Fo) 7)2 and Fopi —(F 3 + Fo)p 2 ; 

we find, after some reductions, for the indicated work L, represented 
by the hatched area in Fig. 43, the expression 

L = Fi?,ilogeJ, (62) 

P2 

■which equation might have been derived from equation (61) by 
the assumption of « = 1. 

The two formulas (61) and (62) both hold for the assumption 
that there is no clearance space and no compression, and that 
therefore the exhaust takes place during the whole piston stroke 
(compare Fig. 39a, p. 400). 

§ 54. LOSS OF WORK DUE TO THE ACTION OF THE 
CYLINDER WALLS. CALORIMETRIC INVES- 
TIGATION OF STEAM ENGINES. 

In all the preceding investigations it has been assumed that the 
walls of the steam cylinder are completely indifferent to the changes 
■of temperature to which the steam in the cylinder is subjected dur- 
ing its changes of state. Of course this assumption is really wide of 
the mark; we should rather assume that a peculiar exchange of 
heat takes place between the steam and the cylinder walls and is 
of such a nature that the walls withdraw heat from the 
steam during a certain portion of its change of state, namely, so 
long as its temperature is less than that of the steam, and con- 
wersely that the walls supply heat to the steam during those 
portions of their pressure changes in which the walls have the 
higher tempeiature. If the engine is in normal running con- 
dition, then during a double stroke of the piston an equalization 
will occur of such a charact r that the walls will give back to the 
steam, in one part of the process, the heat quantity which they 
withdrew from the steam during another part of the process, 
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from the propositions on p. 140, Vol. I, for the work of expansion 

and for the work of compression 

The work of admission is Vipi, and the work of overcoming the 
back pressure along the path X 2 Xz is 

(72-y3)p2. 

If we combine these work quantities in proper fashion, and at 
the same time make use of the relations 

iV, + yoYVi={V 2 + 'VoYv 2 and Fo*pi =(7o + F3)*p2, 
we find after some reductions the indicated work: 

(M) 

On the other-hand, if, with P o n c e 1 e t (see p. 114), we had 
assumed that the two curves Xi 2:2 and xpxa were equilateral 
hyperbolas, and therefore subject to the law p® = constant, 
we should have obtained for the work of expansion 

(Fi + Fo)pilog.^. 

P2 

The work of compression would have been 

r.p.iog.e 

and we should get furthermore for the admission work Fipi and 
for the work against the back pressure (Fg — Fajps. If we com- 
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and from these, by subtraction, we get 


(x2-r3)r2__ (xi -Xo>i 

T2 Tx 


( 60 ) 


so that equation (59) passes over into the following one: 

72 ) 4 - 51 --g 2 ~* 7^2 (^ 1 — . . (59a) 


This equation furnishes an interesting result ; the quantities which 
relate to the clearance space have disappeared from the formula, 
and the equation is identical with equation (36), which gave the 
indicated work of an engine without clearance space. In this 
comparison it is, to be sure, assumed that in both cases the steam 
quality Xi at the end of admission is the same. But, as we may 
substitute X 2 =X 2 after complete expansion, we also find from 
equation (60) that xq^X] and according to equation (58) that 
the identity of the two quoted equations is therefore com- 
plete. 

The compression of the steam in the steam-engine cylinder up 
to the pressure of admission is therefore to be recommended, 
because the loss of work occasioned by the hurtful space is thus 
avoided; but improvement of the cycle of our actual engines, i.e., 
of close approach to the cycle of the perfect engine, is, however, 
not thereby achieved, although externally the indicator diagram 
in Fig. 43 shows the same form as the diagram of a perfect engine 
(compare Fig. 35c, p. 373). The process on the compression side 
of the piston is essentially different ki the two cases; but the 
investigation has shown that the two diagrams Fig. 43 and Fig. 
42, pp. 415 and 411, the latter being valid for an engine without 
hurtful space, have the same indicated work. 

As a conclusion of the investigations we will derive two approxi- 
mate formulas for the indicated work L in the case represented by 
Fig. 43, because we shall make use of them farther on. 

If the two acliabatics x^X 2 and xoXs are subject to the law 
p 2 ;*= constant, then if the notation in Tig. 43 is employed we get 
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The determination of the indicated work measured in units of 
heat is now easily obtained as follows; and in so doing we will 
utilize the notation hitherto employed and also that given in Fig. 43. 
The work of admission U is 

AU + ff) — GaixQUi +(7)]pi. 

The work of expansion L" for complete expansion is 


AL" = ((r + <Jo)[9l —(I 2 AX 1 P 1 — X 2 P‘^. 

The work L"' against the back pressure along the path X 2 X 3 
follows from 

AL"' = A\{G ■^G^(X2U2 Act) — (ro(^3^2H"0')]p2j 
and the work of compression D'' from 

AL'^= Gdqi -q2 + XoPi- Xzpil- 

Hence we get the indicated work from 


L=L'aL"-L'''-L^, 


and utilizing the preceding formulas we obtain, after some re- 
duction, 


AL =G(qi -q 2 -X 2 r 2 ) +<?o[(a:i -Xo)r-i - (X 2 -X 3 )r 2 ], (59) 

after we have first deducted the work of feeding. 


AGa{pi-p2)- 

As the two curves a:]X 2 and xoxa can be regarded as adiabatics, we 
have the known relations 


T2 + 


T2 + 


X£2 
T 2 " 

T 2 " 


■Ti + 


= Ti + 


X£i 

Ti’ 

Xon 

Ti ’ 
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is simultaneously considered. The loss of effect in 
a special case can be divided into two parts, so that we can dis- 
tinguish between the part which is due to the imperfection of 
the cycle and that which is due to the presence of the clear- 
ance space. Investigation can then be extended to the determi- 
nation of the loss of effect which results from incomplete expansion, 
and, on the whole, can be extended in the manner followed in 
§51. 

If the expansion is assumed to he a complete one, as pre- 
supposed in the foregoing and in accordance with Fig. 42, p. 411, 
we may interchange Xo with because during the exhaust 
the mass is quietly pushed out of the cylinders; but with the 
incomplete expansion the discharge is a stormy one, and no 
means exists for determining analytically the steam quality ro 
in the clearance space. If we suppose the steam in the clearance 
space to be dry saturated, so that we may take Xo = 1 , the above- 
developed formulas lend themselves easily to the solution of par- 
ticular numerical examples. 

But it is of great practical importance to investigate the 
influence of compression, for this was left out of account in 
the preceding, and we will now take it 
up under the special assumption that 
the compression is a complete one 
and thetefore that the steam pressure 
in the clearance space at the end of 
compression is identical with the pressure 
Pi of the entering steam. Fig. 43 shows 
the indicator diagram fox the ease in Fig. 43 . 

hand. 

Let Xo he the steam quality in the clearance space at the end 
of compression; let xi be the quality at the end of admission, 
and Xic that of the boiler steam. Then we get directly 

(Cr-\-Go)x:i =Oxki-GoXo, (58) 

because during admission we have simply a mixing under con- 
stant pressure, and this is an equation which might also have 
been derived by the method given on p. 411. 
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The work U" done in overcoming the back pressure is 

AU" = — [Aifi 4 "(ro)( 2 ! 2 W 2 + <j)p2 — AGo{XoU 2 + 0')p2]- 

Finally the work L"’" which is necessary to feed the boiler follows 
from. 

AD"' = — AG(t(pi — P2) - 

After some reductions the sum of the preceding quantities of 
work gives the indicated work L of the engine under the assump- 
tions used here, and is 

AL = (G+Go) iqi - 52 Axin - Z2r2) - AGoXoU2(pi - P2), ( 56 ) 

or, utilizing equation (53), it is 

AL = G[qi — q2+ Xkn — .^2^2] + Gor2(zo —Z2), . ( 56 a) 

where the product Z2T2 can be determined from the known equa- 
tion 

, X 2 r 2 , zin 

X2 + —^=Ti +~^- 


If there is no hurtful space on hand, so that (?o=0, then equa- 
tion (56) passes over into equation (36), p. 398; now if the 
boiler is fed with water of a temperature to, the heat quantity 
which must be supplied to the boiler is 

Qi=G{zkri-{-qi-qo), 


and therefore the work Lm of the perfect engine is 


ALm^^G 


iXkn+qi-qo)iTi-T2) 

Ti 


(57) 


Then, utilizing equations (56), (57), and (53), and assuming 
the steam qualities x* and xo as known, there follows for the 
loss of work 

ALm~ AL, 

and for the loss of effect 

Lm — L 


which quantities correspond to the imperfection of the cycle 
of the actual engine when the influence of the clearance space 
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t 

I 


If we utilize these two formulas in equation (53) we get after 
some reductions the equation 


GXkTl : 


= F.^+Fo 


Lwi 


f>2 

U2 


+ 


gl-g2 l 

X0U2 J' 


(53a) 


It is evident from equation (53) that on account of the 
mixing during the admission a change of steam quality takes 
place from Zk to xi; if there is no clearance space, so that (ro=0, 
then such a change does not occur, because then Xi =Zk. 

Furthermore it is evident from equation (53a) that, in engines 
with clearance space, the steam consumption Gxk is always 
greater than in engines without such a space, because here the 
second term of the right member of the equation is always posi- 
tive. If the steam quality xo in the clearance space is known 
and if the quality x* of the boiler steam is also known, then the 
weight G can be computed from equation (53a), and likewise 
the weight Go from equation (55), whereupon equation (54) de- 
termines the steam quality xi at the end of the admission.^ 

To the problem treated in the foregoing there is now added 
a second one bearing on the indicated work of the engine. 

With Fig. 42 as a basis, we find for the work L' during ad- 
mission, measured in units of heat, the expression already given 
above, namely, 

A.Li' = A((G ■\-G(^(xiU\ -b u) — Go(xoU2 H- a)]pi. 

The work of expansion L", according to the propositions given 
earlier, is 

AL" = ((? + (?o)[gl“g 2 AXiPi—X 2 P 2 ]- 


^ The above problem I have discussed in a more general way in an article 
Uber die Wirkung des Brosselns und den Einfluss des schadlichen Raumes auf 
die bei Dampfmaschinen verbrauchte Bampfmenge'' in Zivilingenieur, Vol. 21, 
p. 1, 1875; I there treated the problem so as to include the influence of an 
artificial difference between boiler and admission pressure, i.e., so as to include 
throttling; the problem was also extended to the case of superheated vapors. 
The results to be sure are only of theoretical interest, because the influence of 
the cylinder walls is left out of account, as it is also, for the present, in the text 
above. 
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for this purpose, the mass to be compressed from the point xx 
under constant pressure pi, and converted into water, but suppose 
G kg. [lb.] of it to be forced back into the boiler; the quantity of 
heat Q" which in so doing must be withdrawn amounts to 

Q" — — {G -\-Go)xir y, (49) 

and the work which must be expended is 

AL" =^ — A{G-\-Gq)xiPiUi — AGo'Pi. . . . (50) 

In the cylinder Go kg. [lb.] of water of the temperature ty 
remains behind; this must, in the first place, be cooled to the 
temperature 1-2 of the clearance space, and then GqXo kg. [lb.] of it 
must be converted into steam under constant pressure p 2 ', the 
necessary heat quantity Q'" amounts to 

Q"'==-(?o(9i-22)+(?oa:or2, ..... (51) 
and the work L'" produced amounts to 

Ah'" =AGoXoP‘2U2 (521 

If we ‘collect the heat quantities and work quantities adduced 
in the foregoing, according to the equation I{Q) = I{AL), there 
follows 

Q' +Q" +Q'" ^AU +AL" + AL"', 

and utilizing the preceding formulas, we get after a simple re- 
duction 

Gry{Xk-Xy)=Go[xyry-xor2Aqi-q2-AxoU2{pi-p2)'\ . (53) 

as a first result of the preceding considerations. 

When determining the specific volume of the unit of weight 
of mixture from the formula v=xu+a, we can unhesitatingly 
neglect the quantity a as very small; hence we obtain v—xu, and, 
in the case before us. 


Fi + 7o=((?+(?o)xiwi (54) 

and 

7o=(?oXo'M2 ........ (55) 
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identical with the boiler pressure pi, and that the exhaust pressure 
p 2 is identical with the external pressure, and that, accordingly, 
complete expansion obtains; let us, furthermore, assume that no 
compression takes place and that the influence of the cylinder 
walls on the steam can be disregarded. 

Fig. 42 represents the corresponding indicator diagram. 

Let Fo be the volume of the hurtful space, Vj the volume 
traversed during admission, so that Fo + Fi is the admission 
volume, i.e., the space occupied by the mixture of steam and 
licjuid at the beginning of expansion; let Xi be the steam quality 
of the mixture at this instant, let Xk represent the quality of the 
steam coming from the boiler and entering the cylinder, and let 
G kg. [lb.] of mixture enter per stroke. 

Let the clearance space just before admission contain a mixture 
of G'o kg. [lb.] possessing the steam quality xo and subject to the 
pressure p 2 , because compression is 
excluded. At the entrance of the steam 
to the cylinder there occurs, in the 
first place, a mixture with the unex- 
pelled steam, and not till then does 
admission action begin, and then it 
continues to the point Xi (Fig. 42). 

The heat quantity Q' which, in so doing, 

niust be imparted to the boiler amounts 
, ^ Fig. 42. 

to 

Q'=Gxkri, (47) 

and the work U produced during admission, measured in units of 
heat, is 

, AL' =A[{G+Go){x-iUi-\-a)—Go{x^U2 + o)]pi. . . (48) 

The process discussed here is a non-reversible one. In 
-order to determine the relation between the several magnitudes of 
the preceding formulas let us now suppose the whole mass to be 
brought back in reversible fashion to the initial state, and let us 
make use of the propositions in § 15, Vol. I, p. 74, and, in par- 
ticular, make use of equation (54), Vol. I, p. 78. Let us suppose, 
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Finally » if the back pressure on the piston on the exhaust side is 
p/ = 2 P2 = 0.2 kg. [2.845 lb.], then we find for the loss of work L4 and for 
the loss of effect C4 due to the difference between back 
pressure and condenser pressure, according to equations 
(46) and (46a) respectively: 

AL4 = 5.194(?, 4.790 G, 4.694 0, 

C4 = 0.031, 0.032, 0.034 

[4L4 = 9.349 0, 8.622 0, 8.449 0]. 

For the same engine, example 2, p. 405, gave for the loss of effect Ci due to 
the imperfections of the cycle process the respective values 

C, = 0.087, 0.095, 0.104. 

Of these four values, the one due to incomplete expansion is the greatest; 
recent' practice has therefore fully justified reducing more and more the 
terminal pressure of the expansion. 

In the preceding example the conditions in a compound engine were 
kept in view. In a single-cylinder engine the terminal pressure p would 
have to be taken greater, and hence the loss of effect would become consider- 
ably greater than in the preceding case. 


§ 53. LOSS OF WORK DUE TO CLEARANCE. ACTION 
OF COMPRESSION. 

When investigating the influence of the clearance on the 
utilization of the steam, we encounter very complicated formulas 
even under the simplest hypotheses; the laws of thcrniodynarnics 
to be sure permit of an exact following of the problem, but the 
corresponding formulas contain a quantity concerning which, in 
numerical calculations, we are compelled to make an arlutary 
assumption; it is the steam quality existing in the clearance just 
as the live steam enters it from the boiler. Even in the calori- 
metric investigation of the steam engine given below the same 
uncertainty arises in general, and probably will be removed only 
by careful experiments on steam engines. 

On account of this uncertainty the following consideration of 
the action of the clearance will be carried only so far as is neces- 
sary to supplement the above investigations. 

Let us assume that the engine describes completely the cycle 
of the actual engine, and that therefore the admission pressure is 
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and 


Axu{p2'-V2)Ti 

{x^n-Vq^-q^){T,^T2r 


(46a) 


To be sure both formulas are only approximate expressions, 
but they can be regarded as sufficiently exact for the present 
investigations. 

In non-condensing engines we ordinarily assume ^ 2 ' = 1.1^2; 
and in condensing engines p 2 =2 p 2 j while the relation between 
admission and boiler pressure is taken as varying from pi' = 0.80 
to 0.90 Pi when throttling is excluded. 

Example. Let a condensing engine work with a pressure = 7 kg. 
[99.56 lb.], let the terminal pressure of the expansion be p = 0.6 kg. [8.534 
lb.], and let the condenser pressure amount to 292 = 0.1 kg. [1.422 lb.]. 

If we take the steam quality at the beginning of the expansion as equal 
to aJi = 1, a;, —0.9, and rCi^O.S, and if we calculate the work Lm according to 
equation (38), p. 399, and substitute qQ = q 2 f there will follow, with the help 
of corresponding values of Table 12 of the Appendix, respectively, 

1, 0.90, 0.80, 

ALm = 165.57 G, 152.27 (7, 138.97 G 

[ALm = 298 .026 0, 274.086(7, 250.146 G]. 

Equations (41) and (42) respectively give 

a; -0.8684, 0.7948, 0.7212, 

0:2 = 0 . 7997 , 0.7375, 0.6752. 

Hence, according to equation (43), we have for the loss of work Lz due to 
incomplete expansion: 

AL2=27.138G, 25.037 G, 22.893 G 
[AL.2-48.848G, 45.067 G, 41.207 G]; 

and for the loss of effect C 2 resulting from the incomplete 
expansion: 

C2 = 0.164, 0.164, 0.165. 

Let us assume that, with boiler pressure Pi = 7 kg. [99.56 lb]., the admission 
pressure is pi' = 0.9, pi = 6.3 kg. [89.606 lb.]; then we get for the loss of work 
L 3 and for the loss of effect Ca, which is due to the difference 
between boiler and admission pressure, from equations 
(45) and (45a) respectively: 

ALz = 4.499 G, 4.049 G, 3.599 G, 

0 = 0.027, 0.027, 0.026 

[ALa = 8.098 G, 7.288 G, 6.478(7]. 
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(38), p. 399; if we divide equation (43) bv /1 7" 

Joss of effect C2, wli ich is due tn ® 

p a n s i 0 n , the equation ^“complete ex- 

<^2 £j-iiZ£5+£!lZ£2r2zi£!i(p - P 2 )] 

i^ii^i+q\-qo){T^Zr^ . . , . (44) 

others, a loss of work and a loss of effect. ^ determination of two 
The above calculations are valid i,r! 1 
the adeaiesioa pressure is identic^ 

~-r al», .hat the hack pressure 

exhaust IS equal to the external of 
condenser pressure p^. But in actual 
construction this assumption is no 
realtsed, let y.- ,apres,^t the r“ 
admisston pressure, and p/ the back 
pressure, then the areas dLinguished 

?h*')™ ’oTworf''“?e)osf v’”'®' 

which IS due to the difference between boiler and td™ ’’ 

sure, IS determined with sufflcienl accurac^y horn 

. (45) 

external pressure ant F«“e,tyvl't ttTe““tto 
If we divide the two eauafinnQ Kxr 

seating the work of the perStnrkr™".®?’ "P^e- 

Josses of effect ^3 and-a Cl corresponding 



(^^i^i+3i-go)(Ti-7’2) • • . . (45a) 
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the actual terminal pressure of the expansion, and x the steam 
quality at its end, then, because the expansion curve can be re- 
garded as an adiabatic, we have for the course XiX the relation 

xr ziTi 

(41) 

and for the whole course Xir 2 , 


, X2r2 
r2 + "77r~ 
J- 2 


= ri 


+ 


XlTx 

Ti’ 


(42) 


from which the two values x and x^ of the steam quality can be 
computed, provided we know the steam quality xi at the beginning 
of the expansion, and can regard the pressures pi,p, and p-z as given. 
For the portion xx^ (Fig. 40) we get, from equation (15a), p. 
379, for the work of expansion which is produced, when measured 
in units of heat, the expression 

G(q-q2+xp-X2P2), 


where G is understood to be the weight of the mixture of steam 
and liquid confined in the cylinder; if we subtract from this pre- 
ceding work that which corresponds to the back pressure pz along 
the path V 2 — V, also expressed in units of heat, we get 


A(y 2 — y)P2 =AG{X2U2 — xu)p2, 


and for the loss of work L 2 , due to the incomplete expansion, the 
expression 

AL 2 =G{q—q 2 +xp —X 2 P 2 —Ap 2 {x 2 U 2 —xu)'\, 


or 


AL2=G[q-q2+xr—X2r2—Axu{p^P2)], . . . (43) 


where x and X 2 are determined by equations (41) and (42). 

The work Lm of the perfect engine is determined from equation 
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in time, an effort will be made to change the cycle of our present- 
day engines so that it will approach the Carnot cycle described 
by the perfect engine, and that this will be done by utilizing the 
feed or compression cylinder D represented by Fig. 37, p. 397.^ 
In §§ 49 and 50 (pp. 371 and 381) the question has been so 
completely treated that we may now refer the reader to those 
presentations. 


52 . LOSS OF WORK DUE TO INCOMPLETE 
EXPANSION. 


In the preceding investigations it has been assumed that the 
expansion of the steam in the steam cylinder continues down to 

the lower temperature limit, and there- 
fore down to the pressure p 2 corre- 
sponding to this limit. But in reality 
this does not happen; in general the 
terminal pressure of the expansion is 
greater and hence the whole work is 
not utilized. If the expansion only 
takes place from the volume Vi to 
the volume V instead of from Vi to 
72, then an amount of work remains unutilized which is represented 
by the vertically hatched area of the curved triangle xx 2 a; the 
corresponding loss of workL 2 can easily be calculated. Let p be 



V, ■ V 

Fig. 40. 


^ The possibility of improving in principle the action of the steam engine was 
already pointed out in the second edition of this book (1866). Since that time 
one attempt has been made by the Englishman R. M. Marchant to 
change the customary method of feeding the boiler, and in the discussion of this 
engine in the English periodicals my proposition is incidentally mentioned. In 
the second half of the yearly series 1886, "Vol. 62 of “The Engineer,^' the M ar- 
ch a n t engine is repeatedly discussed in a discouraging way, and, in so doing, 
my proposition, which differs essentially from that of M a r c h a n t ' s , is 
presented as being theoretically untenable but these discussions are based on 
a misunderstanding of my presentation, and on a lack of knowledge of the be- 
havior of wet vapors during compression. Suitable rejoinders, however, have 
already been made in the English periodical “Industries/’ etc., Yol. 1, 1886, 
Nos. 12 and 19. 
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Comparison with the results found above therefore shows that a decided 
advantage is secured by simply preheating the feed water, for the loss of 
effect is reduced one-half by the preheating. 

Example 2. Let an engine work with condensation and let it 
have an admission pressure of pi = 7 kg. [99.56 lb.], and let the pressure of 
condensation amount to pa^O.l kg. [1.422 lb.]; furthermore let us assume 
dry live steam, that is, presuppose Xj = l, then, with the help of the corre- 
sponding values from Table 12 of the Appendix, we get, because go = g 2 } from 
equations (36) and (38), 

= 151.06 (7 and ALm = 165.57 0 
[AL = 271.90SO and ALm = 298.026 (?]. 

There follows for the loss of work 

AL, = 14.51 G [AL, = 26.118 0], 

and for the loss of effect 

C,=L =0.087. 

Jum 

Under the supposition that in two cases the steam quality of the live 
.steam is x, = 0.90 and a:i = 0.80, the calculation gives 

Cl = 0.095 and C, = 0.104. 

The examination of the preceding calculated results and the 
-closer consideration of the underlying formulas show that the 
loss of effect that is due to the imperfection of the actual cycle 
■of our steam engines is not an unimportant one. 

In non-condensing engines this is considerably diminished by 
the preheating of the feed water, and theoretical investigation shows 
that this preheating (by the waste fire gases) is more useful than 
has hitherto been generally assumed, although it has long been 
known that it is advantageous. As it is, the loss of effect 
is too large not only in the first of the preceding examples but also 
in the second example, the one on the condensing engine; the loss of 
work in both cases amounts to nearly 10% of the disposable work, 
and a glance at equations (40), (40a), and (405) shows that it be- 
comes still more considerable at higher admission pressures. 

As the admission pressure, in recent steam engineering, is very 
properly being raised more and more, the question here considered 
.-acquires a greater significance; accordingly it is to be expected that. 
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thought of its diminution. The question is best settled by special 
examples. 

Example 1. Let a steam engine work without condensation 
at an admission pressure of = 7 kg. [99.56 lb.] ; then, according to Table 12 
of the Appendix, = 164.03 [327.254], 165.89 [298.6], = 490.64 [883.15], 

and Tj = 0.47531. 

The lower temperature limit is 4 = 100° [212°], also pa == 1-0333 kg. [14.697 
lb. per sq. in.], and to these values correspond ga= 100.50 '[180.9] and 
Ta = 0.31356. 

Let us now assume that the engine works with dry steam, so that 3 ;:== 1, 
and that the temperature of the feed water ^^ = 15° [59°], then we have for 
the actual engine, according to equation (36), 

AL = 76.939 G Cal. [138.49 G B.t.u.], 

and for the work Lm of a perfect engine under like conditions we have, 
according to equation (38), 

ALm = 93.984GCal.[169.17 G B.t.u.]; 

hence the loss of work, in consequence of the imperfection of the cycle, is 
ALi-A(Lm-L)-17.045G [30.68 G B.t.u.], 
and the corresponding loss of effect is 

G = 1^ = 0.181. 

JL/m 

On the other hand if we assume that the engine works with wet steam and 
that the steam quality in two cases is a;, = 0.90 and a:i = 0.80, then in the 
same way we find 

Cl -0.196 and Ci = 0.214. 

We see that the loss of effect increases with the wetness of the driving steam, 
and this, moreover, is revealed by a glance at equations (40), (40a), and 
(406); we furthermore see that the loss of effect is very considerable and 
that the cycle of the actual engine must be characterized as a very imperfect 
one. 

If we closely examine the equations quoted, we see that the temperature 
of the feed water has a marked influence on the loss of effect. 

If we assume in the preceding example that the waste products of com- 
bustion preheat the feed water to [176°], then the loss of effect, 

according to equation (40a), is for practical purposes given with sufficient 
accuracy by this tabulation: 

forxi=l 0.90 0.80 

Cl =0.089 0.097 0.107. 
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whicli supplies the water to the boiler at the temperature i^o ; 
that before the beginning of the evaporation the water is 
first raised to the temperature ti of the boiler. Every kilogram 
[pound] of feed water therefore needs, in the boiler, a heat quan- 
tity (gi — go) which cannot be utilized for the work development of 
the engine. 

We obtain exactly the same result under the hypothesis that 
the feeding of the boiler is effected by a Giffard injector; its 
use requires, according to the investigation made in § 20, p. 140; 
and with equation (52), exactly the same heat quantity per unit of 
weight of feed water; — here, of course, as with the ordinary feed 
pump, the terms A[o(pi~ po) -hh] adduced on pp. 149 and 151 are 
neglected because they are so small. 

In the perfect engine, however, the feed water, by means of the 
feed cylinder, enters the boiler at the temperature /i, and therefore 
does not need to be first brought, by extra heating, to the boiler 
temperature. The preheating is accomplished here by adiabatic 
compression of a particular, prescribed, mixture of water and steam, 
taken from the condenser. 

If, in the actual engine, the water drawn in by the feed pump 
is heated beforehand to the boiler temperature by. a supply 
of heat otherwise unavailable for the heat- 
ing of the boiler, then we must substitute in the preceding 
equations k ==^o a^ncl therefore also qi and then from equation 
(40i>) we obtain the loss of effect =0, or by the exact formula 
(40) a quantity so small that the actual engine is nearly identical 
with the perfect one. Such an hypothesis cannot be realized, and 
still less can the injector here accomplish the purpose, for in the 
main it can only be run with feed water of a comparatively low 
temperature. 

From all this it follows that an improvement of the cycle of 
the actual engine can only be attained by an effort to bring its 
cycle nearer to that of the perfect engine. 

Whether there is a real nece<=!sity or not can be decided by 
ascertaining whether at the ordinarily occurring temperature 
values in engines the loss of effect determined by equation 
(40) or (40a), is really so considerable that we ought to take 
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If WG assuiRG for the specific heat c of the water a constant 
mean value^ as is always permissible in steam-engine calculations 
with moderate differences of temperature, we can write 

qi-qo^ciTi-To) and qi-q2^c{Ti-T2); 

consequently there follows, from equation (39), for the loss of work 
Li the approximate value 


'^ 2 )^To(jli“-q 2 )li) • • • • (39a) 

and in like manner we get from equation (40) for the loss of effect 


TiT2{ri - T 2 ) -T o(gi - 92 ) 
ix-iri^qi-qo){Ti-T2) 


. . (40a) 


If the difference between the temperature limits is not con- 
siderable we can, by making further use of approximate calcula- 
tion, obtain from equation (54a), p. 59, 


Ti — t 2 =c log* 



hzli\ 

T 2 r 


or with sufficient accuracy 

c(Ti-T 2) qi-qz 

n T2- ~ Tz ’ 

and accordingly we shall have in place of equations (39) and (40) 
the following formulas; 

Tor the loss of work 


G 


Li=j^(qi — q2)iTi—To), 


(396) 


and for the loss of effect 


Ci = 


gl-go 

xiri+qi-qo 


(406) 


These approximate formulas at least show what quantities have 
the most influence on the loss of effect. 

The preceding formulas are derived under the supposition that 
the feeding of the boiler is accomplished by an ordinary feed pump, 
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theii; according to propositions developed earlier, it follows that, 
the hatched rectangle Pib'c'P 2 , lying under the horizontal line 
Vd , measures the heat quantity xiVi, measured in units of work. 
Accordingly the whole hatched area of Fig. 39f) represents the value 
Qi’.A or 424 Qi [772.83 Qi], where Qi represents the heat quantity 
which must be supplied from the boiler to the actual engine per 
piston stroke. 

In like manner it is easy to see that the hatched area lying 
under the portion a'e'd^ represents, in units of work, the heat quan- 
tity Q 2 which is to be withdrawn during the cycle provided that 
the water produced during condensation is subsequently cooled 
from the condenser temperature ^2 to the temperature to- 

If the feed pump takes the water directly from the condenser, 
as is the case in condensing engines, then in Fig. 386 the point a' 
will coincide with the point e'- 

In both cases the area e'h'c'df represents the indicated work; 
the contents of the area are identical with those of the hatched area 
in Fig. 39a. 

Let us return to the consideration of equations (36) and (38). 
The former gives the work produced per stroke in the actual 
engine, while the other represents the work which will be i)ro- 
duced when an equal quantity of heat Qi is employed; the differ- 
ence Lm—L accordingly represents the loss of work which 
corresponds to the imperfection of the cycle of 
the actual engine; if we designate this loss of work by In 
and its ratio to the disposable work by (;i, then the latter term 
may be called the loss of effect due to the imper- 
fection of the cycle; we then get, with the help of equa- 
tions (36) and (38), for the loss of work 

Li ^j^[(^i^Qo){Ti--T2) — T(qi—q2) -\-TiT2(ri— r2)], (39) 

and for the loss of effect 

_ (^i‘^'^2)'—Ti{qi-~q2)+TiT2(Ti— T 2 ) 

^ (^ 1 ^ 1 +2i“2o)(2^i‘~'?’2) 


. . ( 40 ) 
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It deserves to be inserted here that in the actual, as in the per- 
fect, engine we can transform the indicator diagram (as was done 
before in Fig. 35, p. 373), this diagram being represented in Fig. 39a 
as the difference of the diagrams of Fig. 38. Let us assume the 
working mass to be a unit of weight of water and steam; a unit of 
weight of water is first raised in the boiler from to to ti, and then 
is generated the steam quality Xi at constant pressure or con- 
stant temperature h. 



FlO. 39. 


Now the entropy P of a unit of weight of water at the tem- 
perature T (see equation (4), p. 374) is 



Therefore if we lay off P as abscissa and T as ordinate, we get in 
the curve a'^V (Fig. 396) the transformation of the pressure curve 
a6 (Fig. 39a). For the initial and final temperatures To and Ti 
we have the corresponding abscissas 


OiPo = j and OiPi = ^, 

and the hatched area lying under curve a'V therefore gives the 
heat quantity — go, measured in units of work. 

If we make, in the figure, 
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A comparisoa of the last two formulas aud a comparisan. of the 
indicator diagrams of Figs. 37 and 38 shows that for the same- 
temperature limits and for the same weight G of the working mass 
of steam and water the work L of the actual engine is greater 
than in the perfect engine. But this kind of comparison of the 
two engine varieties is not permissible, for there should be con- 
sidered besides the heat quantity supplied to the boiler per 
stroke, and this heat quantity is different in the two engines. 

For the perfect engine equation (9), p. 378, gives Qi=Gxiri, 
but in the actual engine Qi is found in the following manner. 

If the feed pump takes the water from the condenser, then this 
water has the temperature h', in the boiler it must be heated to 
the boiler temperature and only then does evaporation begin. 
The necessary heat quantity is therefore 


=(?(xiri +2i-g2) (37) 

If we are dealing with a non-condensing engine and the feed 
water which is led to the engine has a temperature to, then the 
heat quantity which must be supplied to the boiler per stroke 
is given by 

Qi=(?(xiri-t-gi-5o), 

and this equation is the more general one; if we are considering 
a condensing engine we must simply take to=t 2 , and therefore 
substitute qo = q 2 ‘ 

The work Lm, produced by the Carnot cycle of the perfect 
engine, is determined by the general equation 

AL„=^(Ti-r2). 

If we therefore assume that the heat quantity given by equation 
(37) is employed in the perfect engine, then the work delivered 
by the engine is determined from the following formula : 

. . ( 38 ) 
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The work produced ia the cylinder per stroke is determined 
here, as in the perfect engine, according to equation (16) or (16a). 
p. 379 , and is therefore found from 

r 2 )+ 2 i— 52 — T 2 (ri— T 2 )+^a(pi — p2)J, ■ (34) 


when the same notation is used here as there. 

It is different with the feed cylinder, for which the indicator 
diagram II in Fig. 38 is valid. 


During the suction stroke of the 
pump piston the water volume Go 
is drawn in under the constant 
pressure p 2 , and the work Gap-^ is 
thus produced; during the return 
stroke this volume of water is 
forced into the boiler against the 
constant pressure pi, which cor- 
responds to a work consumption of 
Gapi. The work L 2 which the pump requires is, when expressed 
in units of heat, given by 



AL2=AGo(pi-p2), 


(35) 


and this equation takes the place, in the actual engine, of equa- 
tions (17) and (17a), p. 380, which were derived for the perfect 
engine. 

The difference of the two equations (34) and (35) now gives 
the work produced per stroke in the actual engine; if we designate 
this work by L there follows 

■4.L=(7j^-^(ri—r2) + 51 — 52 — 2’2(ri— V 2 )J, . . (36) 

while for the perfect engine, according to equation (18), p. 380, 
the corresponding work Lm is calculated from the formula 


AL^=G^iT^-T2). 
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steam during expansion sinks from the boiler pressure down to 
the condenser or atmospheric pressure, as the case may be; and 
finally (/) that the valve gear is so constituted that during steam 
admission the entrance port is completely open and during the 
exhaust stroke the exhaust space is connected with the condenser 
or open air by a completely open discharge conduit. 

Every departure from the assumptions made here involves a 
new and special loss of work; a few of the most important of these 
losses will be discussed in what follows. 

For the purpose of discussing the question just proposed we 
reproduce Fig. 37 from p. 376; it gives the schematic representation 



of a perfect engine; but it is also suited to schematically represent 
an actually constructed steam engine, provided the engine under 
consideration works with condensation. AA represents a steam 
boiler, EE the condenser, C is the steam cylinder of the engine, 
and D is the feed cylinder; the sole difference is that the steam 
coming from cylinder C to the condenser is completely 
condensed, and the feed cylinder, which may here be called 
the feed pump, in accordance with practice, does not, as 
in the perfect engine, move a prescribed mixture ratio of water 
and steam, but sucks in water only and forces it into the 
boiler. 

The two indicator diagrams of Fig. 37 will therefore possess 
the form given in Fig. 38; diagram I for steam cylinder C corre- 
sponds exactly to the similar diagram in Fig. 37. 
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nary cycle as a basis for the same purpose. The tables given in 
the Appendix for sulphurous acid and ammonia can be easily ex- 
tended if necessary, and can be computed for higher temperatures 
than are there assumed. 

The formulas Just given are applicable to every sort of vapor ' 
for the second engine; the table would have to be extended if we 
desired to employ the formulas for the calculation of the dimen- 
sions of the engine, but such an extension could easily be effected. 

§ SI. CYCLE OF THE ACTUAL STEAM ENGINE AND 
LOSS OF WORK DUE TO IMPERFECTION OF 
THE CYCLE. 

The cycle which the steam engine of the construction of the 
present day actually describes differs from the Carnot cycle; 
therefore for equal heat consumption the work produced will be 
smaller than with the perfect engine. 

This smaller amount of work involves a loss of work; the 
determination of this loss, due to the imperfection of the cycle of 
the existing steam engines, is an important problem, for if this loss 
proves to be considerable it behooves us to change the cycle of 
the actual steam engine and bring it nearer to that of the perfect 
one. Moreover it may be expected in advance that the discussion 
of the analytical expression, derived by close investigation, wUI 
indicate the path that must be pursued in order to effect the 
desired betterment. In the following discussion we shall, in the 
first place, ignore all other losses occurring in steam engines. We 
shall therefore assume : 

(a) That no clearance space is present in the cylinder; (b) 
that the steam pressure in the cylinder during steam pressure is 
equal to the boUer pressure; (c) that the steam pressure on the 
exhaust side is identical with the condenser pressure, or, in the 
case of non-condensing engines, identical with the external atmos- 
pheric pressure; (d) that no heat exchange occurs between the 
steam and the cylinder walls while the cycle is being described 
within the cylinder; (e) that the expansion takes place adiabat- 
ically and, moreover, completely, i.e., that the pressure of the 
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when the first engine works alone, and Djf the steam quantity 
when both engines work together, then we also have 


^2 


( 33 ) 


The two weights of water vapor differ less from each other the 
less ts differs from t2 and the higher the steam pressure in the boiler. 

Example. Let the boiler temperature amount to = 179° [354.2°], 
which corresponds to a pressure of 10 kg. per sq. cm. [142.23 lb. per sq. in.]; 
let the temperature in the first condenser be 4 = 70° [158°] and in the second 
^3=15°[59°] (see Josse elsewhere). Here there follows from equation 
(31) 

1,2 = 0.505 Xx, 

and from equation (33) 

Z)/t'-0.665DA. 

These values, which agree closely with Jossers experimental values, 
seem to be very favorable ; the second engine gives approximately 50% of 
the work of the first engine, and the steam consumption seems to be about 
^4 that of the water-vapor engine. Of course the condenser temperature 
4 is much higher than is usual in good condensing engines, and probably the 
low temperature 4 = 15° [59°] will rarely be available. 

If we make 4 = 179° [354.2 ], and make 4=50’ [122'] and 4 = 25° [27°], 
which corresponds better with average conditions, then calculation gives 

L2=0.194Li and Da'=0.838Da, 
values which, comparatively speaking, are still favorable. 

From the preceding it follows that the type of engine discussed 
may, under certain circumstances, be introduced in spite of the 
increased complication of the engine, provided large quantities of 
sufficiently cold water are available. 

A general mtroduction of the system is, however, not to be 
expected; and in high-pressure engines with multiple cylinders 
and with superheated steam the same economy of heat 
and steam has been effected. 

The calculated results are found here under the assumption of 
the Carnot cycle, but there is no difficulty in taking the ordi- 
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From these equations we get, in the first place, the fol- 
lowing: 

If the same lower temperature limit tz in the condenser could 
be reached in the first engine as in the second engine, so 
that we should have L=Li and L 2 = 0 ; there would then 

be no sense in adding the second engine.^ 

On the other hand if we can go lower with the condenser tem- 
perature tz in the second engine than in the first, so that tz<h, we 
may, to be sure, under certain circumstances, 
expect an advantage; but this is of less consequence, as equation 
(31) shows, the smaller the temperature difference (tz—tz), and, 
what is noteworthy, the higher the temperature i.e., the higher 
the pressure in the steam boiler. 

If the first engine works alone equation (27) holds; if both 
engines work together equation (30) is valid ; if in the latter case 
the same work is to be produced so that L=^Li, then we must, in 
the latter case, supply to the (water) steam boiler the heat quan- 
tity Qi instead of Qi, so that the relation 

Li=jf(Ti-Tz) 

obtains. From combination with equation (27) then follows 

Qi T1 — T2 

Q, 

The two quantities of steam which must be generated in the 
steam boiler in these two cases also bear the same ratio to each 
other. If is the hourly steam consumption per horse power 


^The second engine is called by Josse the “cold-vapor engine.’' The 
designation was suggested by me (ZiviUngenieur, 1881, Vol. 27, p. 449), but I 
meant by the term a cold-producing machine; if we follow J o s se ’ s practice 
in this matter we shall not know in the future whether a prime mover or an 
operating machine is referred to. Such a utilization of terms which already 
exist for arrangements of an entirely different sort unfortunately occurs too fre- 
quently in technical circles. 
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of the question is not given by J o s s e , but his experiments do 
show very favorable results. 

0 Suppose a steam engine to describe a Carnot cycle between 
the temperatures Ti and T 2 , receiving the heat quantity Qi and 
delivering the work Li; then according to equation (I), p. 380, 

Lii=-^r^{Ti~T2), (27) 


and the heat quantity Q 2 which is withdrawn from the condenser 
bears to Qi, according to equation (II), p. 381, the relation 

Q2 Qi 

T2~T: 


(28) 


The heat quantity Q 2 released during condensation now serves 
to evaporate a second liquid, for example sulphurous acid, and the 
vapor developed describes a Carnot cycle in a second 
engine between the temperature limits T2 and T3, and this pro- 
duces the additional work Lo; we therefore have 

or, with the help of equation (28), 

L2-^iT2-T3) (29) 

If to this we add equation (27), we get the work L of the two 
engines (the steam engine may be designated as the first engine) ; 

L=Li+L2=-^r{Ti — T3) (30) 

Division of the two equations (29) and (27) furnishes the ratio 

L2 T2—T3 ^ 2—^3 
Li T1—T2 tl — t 2 


■ . ( 31 ) 
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iissumed; the admission volume Y is determined from equation (13), and is 
V =^G (oJi'Mi + tr), or, utilizing the given values, it is 

F=0.0-^20 cbm. [1.4833 cu. ft.]; 
we therefore have an expansion of 

-^-=44.97. 

Such an expansion will, of course, not be sought nor attained in practice; 
if it could be reached, the hourly steam consumption per horse power 
would be, according to equation (20), 

^ = 4.789 kg. [10.705 lb.], 

JYm 

while at the present time the best compound engines give, for the assumed 
pressure conditions, a minimum of, say, 5.5 kg. [12.3 lb.] of steam per 
indicated horse power. 

The formulas given in the preceding, for the calculation of the 
■dimensions of a perfect engine, are of subordinate value for prac- 
tice, because the actually constructed engine differs in structure 
from the perfect one inasmuch as it does not contain the feed or 
compression cylinder; but it is otherwise with the formulas for 
work or performance; these are well suited, on account of their 
•simplicity, for judging of new engine arrangements. 

The combined engine of Du Tremblay, mentioned at the 
beginning of this article (p. 381 ), and which consists of a com- 
bination of a steam with an ether engine, is an example of this. 
Quite recently the fundamental idea underlying this engine has 
been taken up again by Behrend and Zimmermann, 
only that they employ the vapor of sulphurous acid in place of 
the vapor of ether; the advantage of the former is that the 
power-cylinder needs no lubrication, otherwise the vapors of 
ammonia and other fluids might be employed. After the trials 
had been wrecked by practical difficulties J o s s e took up the 
experimental investigations. The following . numerical data are 
■obtained from his preliminary report;^ a theoretical treatment 

* Josse, ^^Versuche zur Erhohung des theraiischen Yv irkungsgrades der 
Dampfmaschine.^’ Mitteilungen aus dem Maschinen-Laboratorium der K 
‘Technischen Hochschule zu Berlin. Book II, Munich and Leipsic, 1899. 
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[ 


ii = 327.254, !rx = 786.654, Ti = 0.47531, = 1.1227, 

1 

^^0 = 114.044, T, = 57SA64:, r, ^0,15468, ^==1.8041, 

1 2 


Ui == 4.365 1 and Uz = 240 .478. 
There follows, from equations ( 11 ) and ( 12 ), 


] 


t; T, 


or 0^2=0.1777 +0.6223 £Ci, 


Xsrz 


or 0 ^ 3 = 0 . 1777 . 


If the steam quality at the end of admission is a;, = 0.90, i.e., if 10% 
water is mixed with the admission steam, we shall have 0 : 3 =0.7378, and, 
from equation (25), 


FiSin 


=0.016369 i\rm [ = 0.58616 iVmL 


and furthermore, from equation (26), 


•^2^2 


0.241. 


If the engine is to develop a performance of JVni=250 horse powers and is- 
to make n = 65 revolutions per minute, then, according to the preceding, tho 
cubic capacity of the two cylinders is 

jPiSi= 1.889 cbm. and F 2 S 2 = 0.455 cbm. 

[FjSi = 67.634 cu. ft. arid F 2 S 2 = 16.300 cu. ft.]. 

From the first of equations (22) we can compute the weight G of the 
mixture of steam and water, and find it to be 

= 0.1705 kg. [0.3759 lb.], 

X2U2 

The feed cylinder has therefore to draw in from the condenser, during each 
stroke, the steam weight Ga ;3 = 0.0303 kg. [0.06681b.] and the water weight G 
( 1 - 2 : 3 ) = 0.1402 kg. [0.3091 lb.]. The volume of the steam cylinder, which 
in a compound engine would correspond to the volume of the low-pressure 
cylinder, here seems to be very great, because very great expansion ia 
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If the engine, is double-acting and makes n revolutions per 
minute, then, if the performance in horse powers is designated by 
we get the relation 


I'm — 


30x75 


Nn 


(24) 


30x550, 






and, designating the cross-section and stroke of the steam cylinder 
by Fi and Si, we find from the last equation but one 


PlSiTl 

30 

'FiSiU 

. 30 


=75 X 


AT1X2U2 


=550 X 


AT1X2U2 


XiTi{Tx-T2) 


N, 


.]• 


• . (25) 


If the steam quality Xi at the end of admission is known, we must 
here determine the steam quality X 2 from equation (11) and Xz 
according to equation (12). If F 2 is the area of the piston and 
52 the stroke of the piston in the feed cylinder, then we have, by 
equation (23), 


F 2 H Xz 
FiBi ~'X2' 


. . (26) 


The expression in the left member of equation (25) evidently 
represents the average space swept through per second by the 
piston of the cylinder. 

Example. A perfect engine works with a boiler pressure of p, =* 7 kg. 
[99.562 lb.], and a condensation pressure of ^2=0.1 kg. [1.422 lb.]; here, 
according to Table 12 of the Appendix, 

!!. = 164.03, T, =437.03, t.=0.47531, ^ = 1.1227, 

1 

45.58, T,=318.58, t„=0.15463, ^ = 1.8041, 

2 

tt,=0.2725 and «, = 15.0121. 
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1. 

2. 

3. 

4. 

5. 

Pressure in 

Qh 

Dk 

hiL 

Lm 

Boiler in 

^ m 


D 

Qi 

Kilograms per 
sq, centimeter 
(absolute). 

In the Condenser: Pressure = 10333 kg. and 
Temperature ^2=100®. 

Vi 

cal. 

kg. 

mkg. 

mkg. 

2 

12784.0 

24.443 

11046 

21.12 

4 

6183.8 

12.222 

22091 

43.66 

6 

4735.9 

9.567 

28223 

57.01 

8 

405 .4 

8.335 

32395 

re. 56 

10 1 

3647.8 

7.602 

35515 

74.02 

12 

3369.0 

7.109 

37982 

80.14 

14 

i 

3163.6 

6.r4a 

40004 

85.35 


1. 

2. 1 

3 

4. 

6. 


Qh 

JDh 



Pressure in 
Pounds per 

iVm 


D 

Qi 

square inch 

In the Condenser: Pressure ^2 = 14.6967 lb. per 

(absolute). 

sq. in. and Temperature ^ 2 = 212 ®. 

1 

Pi 

B.t.u. 

lb. 

ft-lb. 

t‘t“lb. 

30 

47543 

50.657 

39086 

41.646 

60 

23925 

26.342 

75165 

82.758 

90 

18484 

20.806 

95163 

107.119 

120 

15897 

18. 206 

108754 

124.552 

150 

14331 

16.652 

118904 

138.161 

180 

13258 

15.600 

126922 

149.341 

210 

12466 

14.833 

133487 

158.838 

m 


and, utilizing equation (11) and (12), there is found 


Ti{ti-T2) 

Yi Xirx + Ti{Ti-x2) 


(23a) 


If we determine the value of G from the equation of work (18) 
and substitute it in the first of equations (22), we get for the 
volume of the steam cylinder 


AT^X2U2 

^~x,n{T,-T2r”" 
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The theoretical work value at a boiler pressure of 6 kg. [85.34 lb.]' 
is, according to the preceding table, 54728 mkg. [176142 ft-lb.]; the- 
ratio of these two values is 0.705, and already a very favorable one.. 

The preceding table and the remarks added refer to con- 
densing steam engines. 

On the other hand, if, in an actually constructed steam engine) 
condensation cannot be employed, either because the necessary 
quantity of cooling water is not available or because it cannot be 
carried along, as in locomotive engines, then we must institute a 
comparison with a perfect engine in .which the pressure in the 
condenser is taken as one atmosphere, and the temperature pre- 
vailing there is assumed to be ^2 =100° [212°]. For such a perfect- 
steam engine we obtain the results tabulated on page 389. 

The comparison of this table with the preceding one shows very 
clearly the value of employing condensation, and shows the in- 
fluence which accompanies a reduction of the lower temperature- 
limit. We see, what was long ago discovered in practice, that 
non-condensing engines should work with as high a. 
boiler pressure as possible and that then only do they approach in 
steam utilization the condensing steam engines when the latter are- 
worked with a low boiler pressure. 

Now, as regards the dimensions which are to be chosen for the 
perfect steam engine, we must here consider the dimensions of both 
cylinders. The volume Vi of the steam cylinder <7 (Fig. 36, p. 
376) is determined according to equation (14), p. 379, and the 
volume V 2 of the feed cylinder D is found from equation (14a). 
As we may neglect the value cr in both formulas, there follows 

Fi=GfX 2 'U 2 and V 2 =Gx 3 U 2 , .... (22) 

where G represents the weight of steam and liquid per stroke, and 
where it is assumed that the piston in the feed cylinder has as 
many periods as the one in the steam cylinder. The ratio of the- 
two values is found to be 


Z2_?L 

Vi X2 ’ 


( 23 ) 
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1. 

2. 

3. 

4. 

5. 


Qh 

Dh 

Lm 

Lm 

Pressure in 

A/m 

Nm 

jj' 


Boiler in Kilo- 





grams per sq. 

In the Condenser: Pressure n 2 — 0.1 kg. and 

centimeter 


Temperature ^ 2 = 45.58. 


(absolute). 






cal. 1 

1 kg. 1 

1 nikg. j 

mkg. 

2 

3378,6 

6.465 

41763 

79.91 

4 

2723.0 

5.382 

50168 

99.15 

6 

2442.3 

4.933 

54728 

110.55 

8 

2274.4 

4.673 

57776 

118.71 

10 

2158.6 

4.499 

60017 

125.08 

12 

2071.9 

4.372 

61760 

130.31 

14 

2003.6 

4.275 

63163 

134.77 


1. 

2. 

3. 

4. 

5. 


Qh 


Lm 

Lm 

Pressure in 
Boiler in 


Nm, 

D 

Q. 

Pounds per 

In the Condenser: Pressure lb. per sq. in. 

square inch 

and Temperature ^2 = 115.85® F. 

(absolute). 

B.t.u. 

1 lb. 

j ft-lb. 

1 ft-lb. 


30 

13528 

14.415 

1 

137361 

146.358 

60 ! 

10904 

12.006 

164922 

181.582 

90 

9780 

11.009 

179857 

202.455 

120 

9108 

* 10.431 

189816 

217.391 

150 

8644 

10.044 

197127 

229.050 

180 

8297 

9.763 

202806 

238.630 

210 

8024 

j 

9.548 

207382 

246. 766 


Of special importance are the numerical values in the fourth 
column, -which give the work value of o n e kilogram [pound] of 
steam in the perfect engine at different boiler pressures. If we are 
considering the above-quoted heat condensing engine, with an 
indicated steam consumption per hour per horse power of 7 kg. 
[15.6 lb.], then this corresponds, according to equation (21a), to 
A really achieved work value of 


75X3600 

7 


=38571 mkg. 


Pi£^.126544fWb.l 


Tpp 
:i !:i 
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therefore t,=46.2I° [115.178°], and rj=319.21° [574.572°]; the foregoing 
equations then respectively give 

— -110.86, §!- = 2435.5 Cal., ^=4.929 kg., and 

Nm 

^-54779 mkg 

202.065, ^ = 9798.8 B.t.u., ^ = 11.016 lb., and 
Nm Am 

.^ = 179733 ft-lb. 

If Qh! is the quantity of heat which is to. be withdraw^n per hour by the 
condenser, then, according to equation (II), the heat quantity per hour per 
horse-power is 

1798.7 [7236.8]. 

Nm. TiNm 

■With the foregoing as a basis, the following survey has been 
prepared with the help of the data furnished by Table 12. 

In this survey the pressure is expressed in kilograms to the 
square centimeter in new atmospheres, and it is expressed in abso- 
lute measure, not in gauge pressure. [In the English table following 
the pressure is pounds per square inch, and likewise in absolute 
measure.] Now we clearly see the advantage of using high boiler 
pressure; the values given in Cols. 3 to 5 are suitable for judging 
of the excellence of actually constructed condensing engines, 
and for fixing the goal to which all further betterments should 
be directed. In making comparisons we use the values occurring 
in the middle of the vertical columns. In the best engines of 
the present day (compound multiple-cylinder engines) we have 
obtained at 6 to 8 kg. [85.34 to 113.78 lb. per sq. in.] of boiler 
pressure an indicated consumption per hour per horse power of 
7 kg. [15.6 lb.] of steam, and even less, and consequently we have 
approached pretty closely to the limit values 4.933 and 4.673 
[10.73 and 10.16] respectively. 
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which is generated per hour in the steam boiler, because Qi=riD„,, 
there follows, from eciuation (19), 


or 


Dft 75X3600 ATx 

iV„r n Tx-T.> 

rD;, 550X3600 ATi -\ 

Liv„r n ri-TaJ’ 


Dh' 1 Qh 

Nm~ri NJ 


. ( 20 ) 


(20a) 


according to which there is found the steam quantity, 
per hour per horse - power, which must be generated. 

Finally, if D represents the steam quantity in kilograms 
[pounds] per engine stroke, then we must substitute in equation 
(I) Qi =riD, and there follows 

( 21 ) 


or, utilizing equation 120), 

Lm 75X3600 

•“/ 


550x3600-1 
D- (^) • 

L J 


. (21a) 


From this can be found what corresponds to the work of 
a kilogram [pound] of steam in meter-kilo- 
grams[foot-pounds]. 

Example. In a perfect steam engine let the boiler pressure ^,“6 
atmospheres, then, according to Table 11 of the Appendix, 159.22 
[318.60], hence T, = 432.22° [778.00°], and r, = ,o, + Ap,M,- 494.124 [889.423], 
Let the pressure in the condenser amount to P2=0.1 atmospheres, and 
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Equation (I) can also be written in the form 
Qi AT I ’ 


(la) 


and here the value L^rQi represents the work, measured in meter- 
kilograms [foot-pounds], which corresponds to the unit of heat; here, 
too, we must think of the heat at the temperature Ti at which 
it is supplied to the engine by the boiler; we 
may call this ratio the engine’s mechanical equivalent of the unit 
of heat, that is, if we could completely convert the heat 
quantity into work, (which is impossible, for in the Carnot 
cycle we must then have 7^2=0), equation (la) would give 
for Lm-Qi the value 424 in kg. [772.83 ft-lb.], the mechanical 
equivalent of the unit of heat. From the point of view just given, 
the value L^-Qi of equation (la) can furnish a scale of comparison 
for judging the excellence of an engine. 

If we substitute in equation (la) the heat quantity Qi which 
enters the boiler in each hour, and designate it by Qh, then 
Lm represents the work per hour in meter-kilograms [foot-pounds]; 
if Nm represents the work of the engine in horse-powers, there will 
obtain the relation 


Lm=-75x3mONm 
[Lm, == 550 X 3600 Nm]^ 

The substitution of Qh and Lm in equation (I) then gives 

|-^.75 X 360Oj^ W) 

[|^-560 x 3600j^], 


from which we calculate, for this engine, the necessary heat 
quantity per hour per horse-power. On the 
other hand if Dh is the steam quantity in kilograms [pounds] 
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Since the pressure only grows with the temperature in saturated 
vapors, we can say that the heat quantity <2i will be more advan- 
tageously utilized the higher the temperature Ti in the boiler, the 
higher therefore the boiler and admission pressure pi, the same 
temperature T 2 being assumed. 

A part of the astonishing progress in the steam-engine con- 
structions of to-day is to be ascribed to observing this proposition; 
in the last decades the boiler pressure has in fact been continually 
raised. 

It would be incorrect, from the theoretical standpoint, to sup- 
port the occasional efforts to increase the boiler pressure, and thus 
the boiler temperature, far beyond the extent to which it is 
done at the present time. In the foregoing the question has been 
assumed to be the utilization of the heat quantity Qi which is 
really introduced into the boiler; on the other 
hand, if we consider that quantity of heat which is released during 
the combustion of the fuel, and, therefore, in addition to the action 
of the steam engine proper, consider the process of boiler heating 
also, then the circumstances change. The question has already 
been quite fully discussed in Vol. I, p. 448, with reference to the 
steam engine too, and it has been proved that there is a 
maximum value for the temperature Ti which should not be 
transcended. 

Moreover it has already been emphasized that the lower tem- 
perature limit T 2 should be taken as low as possible in the cycle 
of the perfect engine. This limit is perfectly well fixed in all 
heat engines; its extreme value is the mean atmospheric tempera- 
ture and is usually assumed as varying from 15° to 20° C. [59° to 
68° F.] and is ascribed to the cooling body, the cooling water in 
the condenser. Within the condenser itself, the temperature pre- 
vailing, which is exactly what is meant by the temperature T 2 , 
always possesses a higher value. If, as is customary in actually 
constructed steam engines, we assume the condenser pressure (for 
steam) to be one-tenth of an atmosphere, then this would corre- 
spond to a temperature of =46.21° [115.18°]; the lower temper- 
ature limit would therefore be T 2 =319.21° [574.58°]. 


382 


TECHNICAL THERMODYNAMICS. 


unite a water-vapor engine with an ether-vapor engine in such a 
way that the vapor of water is condensed by the heat withdrawn 
frona it by liquid ether; in so doing the ether evaporates and after 
it has performed work is condensed in the usual fashion. But here 
one cannot go higher than the upper temperature limit Ti of the 
ordinary steam engine, nor lower than the external atmospheric 
temperature, which is the lower temperature limit T 2 ; it is there- 
fore evident why Du Tremblay^s engine system, which he 
applied particularly to marine engines, did not come into vogue. 
Nevertheless in recent years engineers have come back to 
such combined engines, with the difference that sulphurous acid is 
used in place of ether, but ammonia vapor might also have been 
employed. At the conclusion of these articles we shall go into the 
question somewhat more fully. 

Equation (I) gives the maximum of work corresponding to a 
particular heat quantity Qi and given temperature limits. Every 
deviation in the arrangement of a constructed steam engine from 
the perfect form presented in Fig. 36, and every deparlure from the 
assumptions underlying the above developments, leads to a smaller 
performance of work for the same heat quantity and the same 
temperature limits. Every kind of deviation, therefore, involve^s 
a corresponding loss of work, and it is one of the tasks of the theory 
of machines to establish analytical expressions for these losses in 
order to recognize from them the means which must be used to 
reduce these losses to the minimum in actually constructed steam 
engines; furthermore the different losses of work corresponding 
to the various deviations from perfection are compared with each 
other numerically, and then, when striving to improve the steam 
engine, attention will first be directed to the greatest losses of 
work. 

The following investigations will specially treat the questions 
indicated, but the fundamental equation (I) enables one to make 
certain remarks in this general direction. This equation shows 
that for a particular quantity of heat Qi supplied to the boiler the 
work Lm produced depends upon the temperature limits, and that 
this work is greater the higher we can take the temperature Ti 
and the lower we can take the temperature T 2 . 
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while combination of equations (9) to (12) gives the relation 


Q2 T2 
Ql'Ty 


( 11 ) 


With this engine arrangement, therefore, there reappear equa- 
tions (7) and (8), p, 375, which correspond to the Carnot cycle. 


§ 50. INVESTIGATION OF THE PERFECT STEAM ENGINE 
AND CALCULATION OF ITS DIMENSIONS. 

In what follows a perfect steam engine will be regarded as one 
that describes the Carnot cycle, and we shall expressly assume 
that the steam is used in the saturated, or wet, condition, but not 
in the superheated state. We shall leave till later the consideration 
of the difference between these two kinds of engines and the dis- 
cussion of the views which have recently made themselves felt 
from the practical standpoint in this connection. 

Formula (I), developed in the foregoing, for the work Lm of 
the perfect steam engine shows, in the first place, that for the 
same temperature limits Ti and 7^2, i.e., for the same 
temperatures in boiler and condenser, the work Lm produced is 
directly proportional to the heat quantity which is sup- 
plied to the steam boiler; but the formula contains no 
quantity depending upon a special kind of vapor ; with the same 
temperatures, therefore, the same work is obtained from the same 
heat quantity, whether the vapor of water, carbonic acid, ether, or 
any other, is employed. Sofarastheperformance of 
workis concerned no kind of vapor has an advantage over 
another — 2 . result which was to be expected from the earlier general 
investigations, for it has already been emphasized that in the 
Carnot cycle it does not matter what the nature of the media- 
ting body is. 

Therefore no advantage is to be expected from an engine work- 
ing with a combination of two different vapors. 

Du Tremblay^ proposed more than fifty years ago to 

^ Annales des mines, 1853, Vol. iV, p. 203; Dingler’s polytecim. Journal, 
Vol. 134, p. 161; Polytechn. Centralblatt, 1854, p. 385. 
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and the volume Vo at the end of the compression is 

Vo^Ga. 

While the mass is sucked in from the condenser there is con- 
sequently produced the work Gp 2 (xsU 2 + a), and while the water is 
being forced into the steam boiler the work Gpia is consumed. 

The work of compression L" along the curve C 262 (Fig- 36) 
is determined by integration from equation (15) and is 

AL" =G(qi-q2-X3p2). 

If here also we properly unite the three quantities of work 
we get, for the calculation of the indicated work L 2 of the steam 
in the feed cylinder, the equation ^ 

AL2 = G[qi-q2-X3r2+Aa(pi-p2)l . . . (17) 
or, utilizing equation ( 12 ), 

AL2=G[qi—q2—T2{ri—T2)+A(T{pi — p2)]. . . (17a; 

The difference of equations (16a) and (17a) finally gives for the 
engine’s work per stroke 

AL,„=C^{Ti-T2), ..... (18) 

or, utilizing equation ( 9 ), 

Lm-§lr{T^-T2), a) 

^ It deserves to be noted that the two equations (16a) and (17a) are respect- 
ively identical with the efflux formulas for wet vapors and highly heated liquids. 
Compare equation (16a) with equation (Id), p. 156, and equation (17a) with 
equation (8), p. 160. There the kinetic energy of the mass in the orifice of 
efflux takes the place of the work quantities Lj and L 2 ; the transformations of 
the equations given there could, if it were necessary, be easily transferred to the 
formulas adduced above. 
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and 


Ti = T2 + 




( 12 ) 


The two work quantities Li and I /2 are determined as follow sr 
The admission volume V in the steam cylinder C is found from 


V =G(xiUi-tc), 


(13) 


and the whole cylinder volume from 


V 1 = G{X2U2 + < t ) ( 14 ) 

Consequently the admission work is Gpi(xiUi+o) and the back- 
pressure work expended in pushing the whole mass into the con- 
denser is Gp 2 i^ 2 ‘U 2 + cr)- The work of expansion along the curve 
61 C 1 is found from the fundamental equation 

dQ — G[dq+d{xp)]-hAdL, (15) 

when we make dQ=0, integrate, and temporarily designate the 
work of expansion by L' ; it is then 


AL'=G[qi-q2+Xipi-X2P2] (15a) 

If we suitably unite the three quantities of work mentioned 
and remember the relation r =/>-(- we obtain for the calculation 
of the indicated work Li of the steam in the steam cylinder the 
equation 

ALi = G[qi-q2+Xiri-X2r2+Aaipi-p2)], . . (16) 

or, utilizing equation ( 11 ), 

AZi\=(^-^r^{Ti—T^+qi—q 2 ~T 2 {xi—T^+Aa{pi — p 2 '^ . (16a) 

In the feed cylinder, however, the circumstances are as follows: 
The volume F 2 of the cylinder is 

V2 = G{X3U2 + .... 


. . (14a) 
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boiler temperature Ti and the boiler pressure pi, so that comi^lete 
liquefaction is realized. 

Finally, connection with the boiler is established and the water 
weight G is forced into the boiler along the path overcoming 
the constant pressure pi. 

The indicator diagram II gives the work L 2 consumed in 
the feed cylinder per stroke. 

The here assumed feed cylinder D, we must expressly note, is 
not to be confused with the feed pump occurring with actually 
constructed steam engines, which pump sucks in water without 
steam and forces it into the boiler; in the case before us thci <luty 
of the feed cylinder is to take water and steam of a prescribed 
mixture ratio Xz from the condenser, to liquefy tliis inixtun^ solely 
by adiabatic compression and to bring it to the boihir pr(;ssure pi 
and to the boiler temperature Tx. This arrangenumt alone will 
permit an ordinary condensing steam engine to be converted into 
a theoretically perfect one. Whether or not in (ixisting steam 
engines the ordinary feed pump should be replaced by th<i fe<!d 
cylinder discussed here is a question which must be considered 
more fully in what follows. 

Reversing the indicator diagram II (Fig. 36) and superimposing 
it on diagram I, we get for the work performed L„==Lj ~//2 and 
at the same time we get the curved quadrilateral of the Carnot 
cycle shown in Fig. 35a, p. 373. 

We will now follow analytically the operations mentioned. 
During the entrance of the steam into the steam cylinder we must 


supply per stroke the heat quantity 

Qi=GriXi (9) 

to the steam boiler and must withdraw the heat quantity 

Q2’^Gr2{xz-X3) ( 10 ) 


from the condenser. Furthermore we have for the pressure curves 
hxCi and c ^2 the two equations adduced under (5) and (6) : 


XxTi 

V.4-^=T2 + 


££2 

rn 
1 2 


( 11 ) 
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and the temperature T2] the capacity of the two spaces relatively 
to the contents of the cylinder is, however, to be so great that 
appreciable fluctuations of pressure will not occur in these spaces. 

The working of the engine is as follows: The piston Ki is at 
the left end of the cylinder C and, while the piston traverses the 
space aihi the G kg. [lb.] mixture of liquid and steam leaves 
the boiler under the constant pressure pi and at the upper tempera- 
ture limit Ti enters the steam cylinder; the steam quality of the 
mixture is Xij the steam weight admitted per stroke is therefore 
Gxi kg. [lb.], and the water weight is G (1 —Xi) kg. [lb,]. 

At the end of the piston stroke V the connection with the 
boiler is shut off and the steam now expands adiabatically over 
the portion biCi of the piston stroke, at the end of which it pos- 
sesses the lower pressure 7)2 and reaches the lower temperature 
limit T2; in so doing the steam quality changes to the value X2. 

Now the space to the left of the piston is put into communica- 
tion with the condenser E and the mass is pushed out of the 
space Vi into the condenser, i.e., is forced along the path Cidi 
against the constant pressure p2j whereupon piston Ki begins the 
repetition of the series of operations. The hatched area, shown 
in diagram I (Fig. 36), represents the work Li which has been 
performed in the steam cylinder; of course the indicator diagram, 
here representing the indicated work, is valid only under the 
express assumption that the cylinder possesses no clearance 
space, that the expansion takes place adiabatically, and that there 
is no compression, consequently that the cylinder is completely 
emptied during the return stroke in the cylinder. 

During the return stroke of the steam piston Ki we will suppose 
the piston K2 to have moved in the feed cylinder D over the path 
^2C2 = F2 under the constant pressure p2 of condensation and 
thus to have re’.noved from the condenser the G mixture of liquid 
and vapor possessing the steam quality X3, so that only the steam 
weight G(x2-xz) has been condensed in the condenser. 

At the end of the piston stroke in the feed cylinder D the 
connection with the condenser is shut off and during the return 
stroke of the piston K2 the mass is compressed adiabatic- 
ally along the path C2&2 till at the point 62 there is reached the 
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are surrounded by a vessel B in which there is a fluid of high 
temperature which continually delivers heat to the water in the 
boiler and converts it into steam. This fluid we will call the 
heating fluid, and in ordinary steam engines it consists of the fire 
gases, i.e., of the products of combustion coming from the fur- 
nace at high temperature. 

A second tubular boiler EE constitutes the cooling ap- 
paratus or condenser; it also contains steam and water, 
but of lower temperature. The tubes are also enclosed by a casing 
through which flows a current of cooling water; it enters the cas- 
ing at m and leaves it at n and maintains the water and steam in 



the condenser, which is here treated as a surface con- 
denser, at constant lower temperature. 

The two cylinders C and D, in which the pistons Ki and K2 
move, are in communication with the steam boiler and condenser 
by conduits provided with valve gear, the character of the con- 
nection being evident from Fig.. 36 . 

Cylinder C represents the steam cylinder proper and can also 
be designated as the power or expansion cylinder. The second 
cylinder D we may, for reasons to be given later, call the feed or 
compression cylinder, and may say in advance that it does not 
occur in actually constructed steam engines. 

In the steam boiler let us suppose the constant pressure pi and 
the temperature Ti to prevail, in the condenser the pressure p2 
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and, considering equations (1) and (2), 


Q 2 

Qi 


Ti 

"Ti’ 


and then from equation (3) 




■T2). 


(7) 


(8J 


The last two equations were found earlier for the Cam o t 
cycle. In Fig. 356 we see the transformation; the two valutss 
Pi and P 2 of equations (5) and (6) are laid off as abscissas; the 
ordinates represent the absolute temperatures Ti and T 2 . 

The closely hatched rectangle a'b'c'd' then also ropres(mts the 
work Lm while the whole area and the widely hatcihed arcui 
respectively represent, in units of work, the heat quantities Qi 

I O2 

and Q 2 , i.e., represent the values and 

The curve D'D' is a transformation of the limit curve DD; 
as X = 1 for the latter, its abscissa P is to be calculated from equation 


AP — T + y, 

and the ordinates correspond to different values of T. 

Before we subject the equations just obtained to a closer 
discussion we will point out that the cycle indicated cannot be 
practically realized because its four portions cannot be carruHi on 
in one and the same space (cylinder) ; but it is possible to coiKudve. 
of the Carnot cycle being described by a steam engine if we 
choose an arrangement for it like that which has already been 
presented as the fundamental form for heat engines, as was done 
when considering hot-air and cold-air engines (see Fig. 57, Vol. I, 
p. 377). 

In Fig. 36 the figure just mentioned has been reproduced, but 
we will discuss it here as a perfect hot- vapor engine. 

The steam boiler AA, or evaporator, is representexl by a 
tubular boiler; it is filled with water and steam, and its tube.s 
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temperatures Ti and T 2 respectively, then the heat quantity Qi, 
which must be supplied along the path ob, is 

Qi^nxi ( 1 ) 

The heat quantity Q 2 , which must be withdrawn along the path 

Cd, is ^ , s /r,, 

Q2=r2(X2-Xz), ( 2 ) 


and therefore the work Tjm. which is performed is determined fiom 

ALrr. = Ql-Q2, (3) 

where the index m indicates that the work Lm is a maximum 
because we are dealing with the Carnot cycle. 

Now for any point whatever of an arbitrary pressure curve w.e 
have, according to § 9, p. 61, for the entropy of a unit of weiglit 
of mixture, 

r-/§4(-f) «) 


and with the adiabatic curve wc have P a constant quantity be- 
cause dQ=Q; it follows therefore that for the adiabatic be we have 


. „ XlTi 

AP2=ti 


(5)' 


and for the adiabatic ad 

.dPl = Ti = T2+^ (6) 

because x=0 at the point a. 

If with given, limiting temperatures the steam quality Xi is 
known, the values X 2 and xz can be computed from e(juati()ns (5) 
and (6), and then equation v=xu + <t will determine the HjK'cific 
volume corresponding to each of the four vertices of the diagram. 
Subtraction of equation (6) from (5) furnishes the relation 


T 

riXi =-Yr2(x2-Xz), 
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then the volume, represented by OA, is identical with the spc;cilic 
volume <7 of the water. 

Now suppose the water is supplied from without witli tliti heat 
quantity Qi under constant pressure, i.e., at constant toin[:)era(urc 
Ti, till we have steam of the quality aj at the point h. 

Pass through the points a and b the two adiabatics ad anrl he, 
and let us suppose the mixture to expand adiabatically from th o 



point b to the point c; in so doing the pressure sinks fronnpi to p2, 
the temperature diminishes from Ti to and the steam (juality 
changes from the value xx to x^. 

Suppose the mass is compressed along the path cd under con- 
stant pressure p2 and constant temperatxure Ta till the point d on 
the first adiabatic is reached. In so doing condensation takes 
place; the heat quantity ^32 must be withdrawn, and the steam 
quality diminishes from the value Xz to the value Xg. 

Finally, in the fourth part of the cycle, there is adiabatic com- 
pression till the initial condition is again reached at the point a. 
Along this path da the steam quality Xa is reduced to zero, and 
then the adiabatic compression effects complete condensation. 

The curve DZ) represents the limit curve; the circumstance 
that the whole diagram lies inside the limit curve shows that there 
is no superheating during the whole course of the cycle. 

Let ri and rj represent the latent heats corresponding to the 
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the boiler shell, prescribe for a particular boiler a certain steam 
pressure which must not be exceeded ; but as it is proper to run 
the engine at as high a pressure as possible, we will assume in the 
following that the highest possible pressure exists in the boiler; 
this pressure, however, is accompanied by a particular tempera- 
ture, which we will assume as the upper temperature limit for 
the cycle described by the engine. 

There is also nearly constant pressure in the condenser of the 
steam engine and consequently constant temperature. As the 
pressure in the condenser is kept as low as possible in order 
to reduce the hurtful back pressure on the steam piston to 
the minimum, we must regard the condenser temperature as 
the lower temperature limit in the actual working cycle of the 
steam engine. 

Accordingly steam formation in the boiler takes place with 
heat supply at the upper constant temperature limit, and con- 
densation, or heat withdrawal in the condenser, occurs at constant 
lowest temperature, and thus are fulfilled two of the conditions 
which must be realized in the Carnot cycle in order to obtain 
the most advantageous working process, i.e., obtain the maximum 
work. If, corresponding to other requirements, expansion takes 
place from the highest pressure to the lowest, in adiabatic 
fashion, and if compression follows the same law, then, neglect- 
ing hurtful resistances, it is possible to construct a steam engine as 
a theoretically perfect machine. It must be expressly emphasized, 
however, that this possibility occurs only with wet steam. If 
steam is used in the superheated condition the circumstances are 
different and will be discussed more fully later on. 

For the present case and for the introduction of the question 
we will assume that the whole cycle can be conducted in the steam 
cylinder itself, and for the present will assume that the cylinder 
walls take no part whatever in the cycle, i.e., that there is no heat 
exchange between cylinder walls and steam. 

Let the cylinder to the left of piston K (Fig. 35a) contain a unit 
of weight of water of the temperature ii(Ti) and subject to the 
steam pressure p, corresponding to this temperature. If we 
assume the piston cross-section to be equal to the unit of area. 


A. STEAM ENGINES (HOT-VAPOR ENGINES). 

a) Engines for Saturated Vapors. 

§ 49. THE CARNOT CYCLE OF THE STEAM ENGINE. 

In the following discussion we must distinguish whether the 
steam used in the engine is saturated, wet (as a mixture 
of liquid and vapor), or whether the steam is used in a super- 
heated condition. We will now fully examine the first 
case; let us consider a piston steam engine which works wdth 
saturated vapor of water, which draws the steam 
from a steam boiler and, after the expansion is comi)k;tcd, 
delivers it to the condenser. We will consider here a con- 
densing steam engine with one cylinder. The following 
considerations can then be easily transferred to open engines, 
i.e., to non- condensing engines in which the cylinder 
steam is directly discharged into the open air. The investigations 
can also be easily transferred to multiple-cylinder engines, and 
likewise to engines driven by some other vapor than that of water — 
for example, by the vapors of ether, carbonic acid, ammonia, or 
sulphurous acid. 

The last-mentioned difference has been completely ignored in 
the general presentation, because it is not affected by the kind 
of steam employed, for the fundamental formulas are the same 
throughout and the difference is first manifested in the numerical 
calculations. 

The generation of steam in the steam boiler and its transfer to 
the steam cylinder always takes place under constant pres- 
sure. The dimensions of the boiler, particularly the thickness of 
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On the other hand in the cold-vapor engine a liquid with its 
vapor is used, which already carries comparatively high steam 
pressure at low temperature, like carbonic acid, ammonia, 
sulphurous acid, etc.; these engines are always closed and describe 
the cycle continuously with the same fluid mass without replace- 
ment from the outside. 

It is of special importance to note that the comparisons just insti- 
tuted, and the fundamental equations, developed in the first section 
ofVoL I, are valid only under the hypothesis that no chemical 
changes occur during change of state of the mediating body. When 
investigating internal-combustion engines (Vol. I, p. 399, etc.) 
.such deviating cycles did occur; in one part of the cycle described 
by the mediating body (an ignitible mixture of gas) a chemical 
change (combustion) occurred, and consequently the body could 
not be brought back again to the starting point, i.e., to the initial 
condition. Although in so doing the pressure and volume at the 
end of the cycle may be brought back to the initial values, never- 
theless the rest of the suppositions which were made when 
the fundamental formulas were derived are not fulfilled, for in 
the chemical sense a different body exists at the end of the cycle 
than at the beginning; the propositions which were derived 
concerning cycles and their reversal here lose, inconsequence, their 
general validity. 

Non-reversible cycles, accompanied by simultaneously occur- 
ring changes of state, were subjected to investigation when treating 
internal-combustion engines (Vol. I); it was pointed out there 
that the thermodynamics of the present day is not yet able to 
present the process in question with perfect clearness, and that 
this is not solely due to lack of the necessary experimental bases. 
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The cold-vapor engine is therefore a driven machine for doing 
work; its purpose is to continuously withdraw heat from certain 
bodies — in short, its purpose is the production of cold. 

The cold-vapor engine bears to the hot-vapor engine the same 
relation that the scoop wheel bears to the water wheel, the centrif- 
ugal pump to the turbine, the cylinder pump to the water-pres- 
sure engine; each of the prime movers mentioned can be con- 
verted into an operating machine for doing work by a reversal of 
its cycle. In the hydraulic motors mentioned here the water 
sinks from an upper to a lower level; in the operating machine 
the water is lifted from a lower level to a higher one. In both 
kinds of steam engines mentioned heat weight or entropy takes 
the place of the water weight, and the difference of temperature 
takes the place of the difference of level. 

In the hot-vapor engine the external atmospheric temperature 
is theoretically the lower limit of temperature attainable, 
while in the cold-vapor engine the atmospheric temperature repre- 
sents the upper limit. If a hot-vapor engine drives a cold- 
vapor engine, then, comparatively speaking, the circumstances 
are as if a pump plant were driven by an hydraulic motor, the 
w'ater lifted by the pump being discharged at the level of the 
tail-race of the motor. 

The repeated reference to the analogy existing between heat 
engines and hydraulic motors has, moreover, the sole purpose of 
facilitating the insight into the occurrences of the machines in 
question, and the analogy exists only when the heat engines work 
with a perfectly reversible cycle. 

Certain other differences manifest themselves when it is a 
question of practically constructing hot-vapor and cold-vapor 
engines. In the former engines the mediating body is 
a liquid with its vapor, in which as high temperatures as possible 
occur, accompanied by pressures which are not too high. This re- 
quirement is best fulfilled by water with its steam, and it possesses 
besides the inestimable advantage that it can be had easily and 
free of cost; this permits the construction of open engines in which 
the steam is discharged during every cycle and is replaced by a , 
new charge of the mediating body, the water. 



APPLICATIONS 


TECHNICAL PART. 

Theory of Steam Engines. 

§ 48. PRELIMINARY REMARKS. 

In steam as in air engines, we must distinguish between hot- 
vapor and cold-vapor engines. In the former, which we will call 
“steam engines,” as is customary, the purpose is the produc- 
tion of work; the work produced is to be utilized to over- 
come resistance in the most widely different sorts of work processes. 
Steam engines, therefore, like the hot-air and internal-combustion 
engines, are motors or prime movers and must be counted among 
the heat engines. In the cycle described by steam engines heat 
is withdrawn by the mediating body (during a part of the process) 
from a body of higher temperature, the heating body (prod- 
ucts of combustion), and during another part heat is given off by 
the mediating body to a body of lower temperature, to the cooling 
body in the condenser. The difference of the two heat quantities 
corresponds to the work produced. 

The cold-vapor engines describe just the opposite cycle; in one 
part of it heat is withdrawn from a body of 1 o w temperature 
(a saline solution or pure water which is to be converted into ice), 
and in another part heat is given off to a body (water) of higher 
temperature. 

The difference of the heat quantities here corresponds to the 
work necessary for running the machine. 
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different fillings and were constructed with different thicknesses of 
walls. Quartz was chosen because this material can endure such 
sudden jumps of temperature as occur when falling into the ice 
•calorimeter; in the second place because the water at high tem- 
perature dissolves alkali from glass, which is not possible with 
•quartz; and finally because quartz is the most homogeneous 
material that we possess. 

Now D i e t e r i c i found that the specific heat c of the water 
between 40° and 300° [104° to 572°] is reproduced sufficiently 
well by the formula 

c =0.9983 -0.0001037 1 +0.000002073 
[c =0.9983 -0.0000576(^-32) +0.00000064(i-32°)2]. 

The heat of the liquid can therefore be calculated according to 
the formula 

t 

q= f c<ii= 0.9983 f-0.00005185 J2+0.000000691 
0 

r c<ii=0.9983(f-32)-0.0000288(i:-32°)2+0.000000213(f-32°)3]. 
*- 0 


At low temperatures below 40° [104°] the dependence of the heat of 
the liquid of the water on temperature is an irregular one and 
cannot be represented by a simple formula, contrary to the rep- 
resentations of Regnault. 

The preceding formulas give: 


for 150° 
= 200 ° 
=250° 
=300° 


g =150.9 Cal. 
=203.1 
=257.2 
=313.5 


From Table lb of the Appendix we have, according to 
Regnault, g =151.64 [272.952] for t =150° [302°] and g =203.20 
[365.76] for i =200° [392°]; for temperatures extending to 200° 
[392°] the values of this table may unhesitatingly be employed 
as heretofore. 
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Oa the Liquid Heat of Water according to Dieterici’s 
Investigations. 

Attention was called on p. 25 to the way in which Regnault 
found the heat of the liquid in the case of water and how he obtained 
its specific heat, but at the same time it was mentioned that douljts 
had been expressed by various persons as to the reliability of the 
several observations. These doubts do not seem to be well jusl i- 
fled for investigations occurring within the temperature limits of 
steam engineering; at least, the results^ of the recent experiments 
by D i e t er i c i in this field are worthy of attention, for he suc- 
ceeded in accurately determining the heat of liquid water up to 
300° C. [572° F.]. A carefully weighed mass of water was con- 
fined ina quartz tube which had been previously weighed 
and completely emptied of air, and after it was filled it was hermet- 
ically sealed and heated to any high temperature t. After the 
experimental tube and its contents had been thoroughly heated 
it was allowed to suddenly fall into a Bunsen ice calorimeter, 
and the heat quantity given off was observed. A parallel experi- 
ment with an empty quartz tube permits the heat to be determined 
which was absorbed by the vessel; the difference gives the heat 
quantity given off by the enclosed water when cooled from t° to 
0° [32°]. 

In so doing a further correction must be applied. The hollow- 
space of the quartz tube must be somewhat greater than the 
volume of the enclosed liquid, otherwise the great liquid pressure 
would burst the experimental tube; so there is some saturated 
vapor constantly present with the liquid, and the total observed 
heat is composed of the heat of the liquid and of the heat carried 
by the steam; the latter part, however, as Dieterici shows,^ 
can be neglected because it is so small. 

The experiments were conducted with different quartz tubes 
having 1 to 2.5 ccm. [0.0610 to 0.1526 cu. in.] capacity with the 


‘ C. Dieterici, “Die kalorischen Eigenschaften des Wassers und seines 
D^pfes tei hohen Temperaturen.” Zeitschrift d. Ver. deutsoher Ing., 1905. 
Die Energie-Isothennen. des Wassers bei hohen Tenaperaturen. Annalen der 
Physik, Fourth Series Vol. 16, 1905. 
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cleutscher Ingenieure, which are reported in the Zeitschrift des 
Vereins, 1904, Vol. 48, p. 700. The experimental results are as 
follows: 



1. 

2. 

3. 

4. 

5- 

6. 

Steam temperature i° C.. . . 
Absolute steam pressure 

207.6° 

279. 2°i 

321.0° 

222.4° 

262.0° 

313.8° 

p kg./sq. cm. 

6.82 

6.82 

6.95 

8.97 

8.98 

8.98 

Specific heat Cp observed. . . . 
Specific heat calculated ac- 

0.622 

0.568 

0.555 

0.698 

0.640 

0.570 

cording to equation (6). , . 

0.657 

0.575 

0.547 

0.696 

0.640 

0.590 



7. 

8. 

0. 

10. 

11. 

Steam temperature C. • . , 
Absolute steam pressure 

205.4° 

295.0° 

338.9° 

207.6° 

294.0° 

p kg./sq. cm. 

4.31 

4.05 1 

3.94 

1.93 

1.89 

Specific heat Cp observed. . . . 
Specific heat calculated ac- 

0.583 

0.484 

0.478 

0.531 

0.402 

cording to equation (6). . .' 

0.572 

0.510 

0.492 

0.493 

0.467 


According to Lorenz the values of Cp can be satisfactorily 
represented by the empirical equation 

Cp =0.43 +3600000^ (6) 

[cp=0.43+1476000^J, 

where the absolute pressure p is in kg. per sq. cm. [lb. per sq. in.] 
and T represents the absolute steam temperature. 

It is evident from the foregoing that the specific heat of super- 
heated steam does increase with the pressure; on the other hand, 
starting from the region of saturation, it diminishes with increase 
of temperature. 

For low pressures the values decidedly approach the value 
0.4805, found by R e g n a u 1 1 for atmospheric pressure between 
108° [226.4°]'and 217° C. [422.6° F.], while for the higher pressures 
they satisfactorily confirm Bach’s assumption of 0.60. 
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suited for drawing conclusions; in the way indicated, as to the 
reliable values of r. 

Specific Heat of Superheated Steam, 

The investigation of the value of the specific heat c of steam 
under constant pressure, which we are especially keeping in view, 
has recently occupied a whole series of writers ; R. Linde also 
goes fully into the question. 

Throughout the present book we have held fast to the value 
Cp = 0.4805 given by Regnault, and the value has been re- 
garded as constant, judgment being suspended as to whether it is 
not variable with the temperature as in gases. The use of high 
pressure and superheated steam at high temperature in engineer- 
ing led to changed views in this matter, and the first suggestion in 
this direction was probably due to the results found by B a c h ^ 
when he tried to determine the heat of generation of superheated 
steam by condensation in two spiral coils washed by cooling water. 
Bach concluded that, under the conditions existing in his experi- 
ments, the specific heat of the steam must be greater than that 
given by Regnault, and that about Cp = 0.6 ought to be 
taken. In the meantime a large number of investigations, inspired 
by theoretical considerations, have become known, whose main 
propositions may be grouped as follows: 

(a) Regnault^s mean value Cp=0.4805 is only valid 
for steam under atmospheric pressure, at which his experiments 
were made. 

(b) The specific heat Cp is a function of pressure and tempera- 
ture. 

(c) The value Cp grows with the pressure and 
diminishes with increasing temperature. 
These propositions are all confirmed by the more recent investiga- 
tions, but the separate data differ so much among themselves that 
it is difficult to choose between them. 

Most recently H. Lorenz has conducted special experi- 
ments on the specific heat of steam, with the help of the Verein 

^Bach, Zur Frage des Warmewertes des iiberliitzen Wasserdampfes, 
Zeitsclir. des Ver, deutscEer Ingenieure, 1902, Vol. 46, p. 729. 


BEHAVIOR OF “SATURATED AND SUPERHEATED STEAM.” 




and have been used here. But the value of A, the heat equiviilcnl 
of the unit of work or the reciprocal of the nu'chanical cquivalenl 
of heat, here plays a part, and for this value we have; taken the 
number 424 throughout the present work. Recently and on 
various sides it has frequently been said that at kiast. 427 iidvg. 
ought to be substituted for 424; this would makc^ the values 
of V in Col. 2 of the preceding table approach more', closely to the 
Munich values of Col. 3, particularly as the Municdi observers 

d/0 

maintain that the values of derived by me from R c g; ii a u 1 1 ’ s 


pressure experiments, are taken somewhat too kirgc. If in cciuh- 
tion (5) we also take account of the influence of r we sc'.(^ that with 
correct choice of the quantities mentioned the results of (‘tjualion 
(5) could readily be brought into harmony with l.ho Munich data, 
assuming that the latter are perfectly reliable!. 

It is not suitable here, however, to effect an agreement l)y 
trial, for we do not know the degree in which the s(‘parat<! value's 
contributed to the differences; here the matter can only b(! clea red 
up by experiments determining their correct vahuis. On (ht* 
whole, the comparison of Cols. 2 and 3 of the preceding 1ahl(i 
shows an agreement which again makes Regnault’s (‘Xjieri- 
ments seem wonderful. 

R. L in d e finally uses Clapey ron ’.s equation (fi) in order 
to inversely determine from it the heat of evaporation r hy eitjploy- 
ing the Munich values v given in Col. 3 of the preceding labulal ion. 
In general the results thus found for r are somewhat greater 1 ban 
those of Table lb of the Appendix, which was to be expected from 
the comparison of the values of v in Cols. 2 and 3, buf noth- 
ing else remarkable was developed. It would lx? Initter to 
try to directly determine r experimentally, as was done Ity 
D i e t e r i e i , 1 who found that r =596.8 [1074.24] for 0° C. 
[32° F.], while the constants of Regnault’s formula wf’rr* 
derived from experiments lying between 63° [145.4°] and 185° 
[365°]. In any case Clapeyron’s formula (5) do(*H not nemi 


‘Wiedemann’s Annalen, Vol. 37, 1889, p. 494, 
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1. 

Tempera- 

ture 

C. 

2. 

Saturate 

accordin 

Clapeyron 

Equation 

Computed. 

V 

1 3. 

id Steam 
g to the 

Munich 

Experi- 

ments. 

V 

Superheated Steam. 

V 

2 kg./sq. cm. 

4 kg. 

G kg. 

8 kg. 

100° 

1 

1.6508‘ 

1.674 





105 

1.3989 1 

1.420 





110 

1.1914 

1.211 





115 

1.0195 

1.037 





120 

0.8763 

0.8922 

0.9033 




125 

0.7566 

0.7707 

0.9162 




130 

0.6559 

0.6690 

0.9288 




135 

0.5709 

0.5822 

0.9416 




140 

0.4987 

0.5091 

0.9543 




145 

0.4373 

0.4466 

0.9669 

0.4741 



150 

0.3849 

0.3921 

0.9794 

0.4807 



155 

0.3398 

0.3470 

0.9920 

0.4875 



160 

0.3011 

0.3073 

1.0045 

0.4941 

0.3236 


165 

0.2675 

0.2729 

1.0171 

0.5007 

0.3283 


170 

0.2385 

1 0.2430 

1.0294 

0.5073 

0.3329 

0.2454 

175 

0.2132 

0.2170 

1.0418 

0.5138 

0.3375 

0.2490 

180 

0.1911 

0.1943 

1.0542 

0.5203 

0.3421 

0.2527 


The values in Col. 3 are calculated from the preceding formula 
(3); we now clearly see the differences from the values formerly 
calculated by me according to Clapeyron’s formula. The 
latter values are throughout somewhat smaller, but otherwise 
have a perfectly similar course with growing temperature. 

If we write Clapeyron’s formula, from which Col. 2 
was calculated, in the form 


t)=M + cr=- 


AT- 


dp 

dt 


+ 0 . 0010 , 


( 5 ) 


we see that the value of v depends above all upon the magnitude 
of the heat of evaporation r and on the value of the differential 
coefiScient, and these values have been determined byRegnault 

1 The values of Col. 2 are taken from Table lb, Col. 8, of the Appendix of this 
book and were determined from 

t>=u-i-<7 with <j*»0.0010. 
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with B and C as constant quantities, satisfied these requirements 
very well. In so doing we made .6=50.933 [0.644592] and 
"=192.50 [22.581875], when p is expressed in kg. per sq. m. [lb. 
per sq. in.] (p. 237). 

The general form of the equation is given as 


pv=BT-R, (2) 

where 72 is a function of p and v or T-, but it is shown that this 
function, for the present, can be represented by the supplementary 
term 

R ^Cpi; 

now R . Linde finds that the assumption that R is only a 
function of p is not fully confirmed, which of course could be 
foreseen. 

According to the experiments in Munich we should write 

pv=BT-p{l+ap) ... (3) 

which formula gives values for the specific volume v which agree 
very well with the experiments. 

In using it we must take p in kg. per sq. m. [lb. per sq. in.], 
V in cbm. per kg. [cu. ft. per lb.], and for the constants 

J3=47.10,- a =0.000002; C= 0.031; D =0.0052 
[B= 0.5962: a =0.001406; (7=21.7955; D =3.6560]. 

For most practical applications, however, the form 

pv =BT —Cp (4) 

will suffice, with 5=47.10 [0.5962] and (7=0.016 [0.25633]. The 
form of this equation agrees with that given by T u m 1 i r z 
(see p. 241). 

The following numerical table gives an insight into the results 
of the experiments in Munich and a comparison with my numerical 
results according to Clapeyron’s formula. 
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With the ideal gas, obeying pv = BT, we have, for a constant 
value of V and p=0, the isochore passing at -273° [-459.4°] 
through the tenaperature curve, but it is not so with the vapor of 
water; here within the range of the experiment the isochores are 
also represented by straight lines, but their prolongation does not 
pass through the same point, —273° (—459.4°), of the temperature 
curve. 

Another result of the experiments in Munich is of special im- 
portance, namely, that close up to the saturation limit the super- 
heated steam agrees with the law for the perfect gas in showing 
proportionality between pressure and tem- 
perature, thus confirming what was stated by T h i e s e n , 
that the vicinity of condensation does not cause any specially 
marked deviation from the law of gases. To be sure, according 
to B a 1 1 e 1 1 i ’ s experiments, more marked deviations do seem 
to exist, but there is reason for assuming that the differences are 
so insignificant that they are not directly appreciable in the 
experiments. 

From the experiments discussed here in such a general fashion, 
Rich. Linde, in a very clear and clever manner, has drawn 
a series of theoretical consequences which we will now briefly 
examine. 

Equation of Condition. 

The different values of the specific volume of steam at different 
temperatures and different pressures furnish us the means of 
testing the various equations of condition that are known and 
of introducing suitable corrections in them. 

In the first place R . Linde discusses the author’s equation 
of condition for saturated steam, which up to the present time 
has been the one most often used in technical calculations. We 
have already discussed, on p. 208, various equations of condition 
for steam, and have emphasized those forms proposed for technical 
purposes. On p. 224, in particular, emphasis was laid on the 
requirements which these approximate equations must fill, and it 
was then shown that the equation 

pv=BT-Cp*, 


( 1 ) 
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The experimental apparatus in question was conceived and 
constructed by Prof. C. v. Linde, and was placed at the dis- 
posal of said experimenters in Munich. In an iron pot of 320 mm. 
[12.60 in.] inner diameter and of the same height there was inserted 
a glass globe containing an accurately weighed quantity ofwater; 
steam was admitted to the pot from a gas-heated steam boiler, and 
this steam flowed around the glass globe and warmed it. In this 
way the water introduced was evaporated till finally only super- 
heated steam was present, whose temperature was determined 
in a suitable fashion, as was also the temperature of the heating 
steam. 

Conversely, if the globe is filled with superheated steam, we can, 
by a gradual diminution of the pressure of the heating steam, 
reduce the temperature in the globe by stages, and thus obtain a 
series of separate values of the temperature and pressure of the 
superheated steam at constant volume, for the capacity 
of the globe remains unchanged. As the weight of the water sup- 
plied and the cubic capacity of the globe are given, there is easily 
determined the volume of a unit of weight of the steam, i.e., its 
specific volume. The various inserted glass globes (balloons) 
had moreover capacities of 1.7 to 3 1. [104 to 183 cu. in.], and the 
water supplied in the different experiments varied between 15 and 
12 g. [0.0331 and 0.0265 lb.]. 

In all, 32 series of experiments were made for 32 values of the 
specific volume sof saturated steam, for which we will sub- 
stitute v; these values lie between 1.598 and 0.1817 cbm. per kg. 
[25.598 and 2.884 cu. ft. per lb.]. If we lay off the temperature t as 
abscissa and the pressure p as ordinate, we get, for the specific 
volume of saturated steam considered, the corresponding point of 
the saturation curve. If, on the basis of these experiments, we lay 
off as coordinates the temperature and pressure of the super- 
heated steam, corresponding to a particular volume v, a curve 
will branch off from the point in the saturation curve, which curve 
has been designated as an i s o c h o r e, and with steam it has 
been found to run rectilinearly; at the higher pressures it is more 
strongly inclined to the axis of abscissas than at the lower pres- 
sures, the pressure p increasing proportionally to the temperature T.. 
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belonging to the Royal Technical High School of Munich eritit]f‘(l 
“Die thermischen Eigenschaften des gesattigten und viberhitzoii 
Wasserdampfes zwischen 100° and 180° C.,” whose first part con- 
tains the report on the density of steam by Osk. Knobla u c h, 
Rich. Linde, and H. K 1 e b e.' 

The second part, possessing the same title, embraces the «])(■( iid 
work of Rich. Linde, which, at the same time, gives the 
theoretical presentation with reference to the older investigations 
and institutes a comparison with them. 


Specific Volume of Vapors. 


The author of the present work was the first to calculate 
the specific volume of “saturated ” steam, in the Zivilingonicur, 
Vol. V, 1859; this was on the basis of Regnault’s experi- 
ments and was calculated with the help of Clapeyron’s 
equation 


r 

u 



where u=s-a represents the difference between the specific 
volume s of the saturated steam and a =0.0010 [0.016] of the liquid 
water, and r represents the heat of evaporation belonging to the 
temperature T accordmg to Regnault’s experimental deter- 
minations. The article mentioned is the forerunner of the more 
sharply determined values of s in the preceding editions of this 
book, in which determinations account has been taken of the more 
exact relations between the pressure 'p and the temperature T 
the values of s in question have been very generally employed up 
to the present time. The preceding formula is, of course, only 
valid for saturated vapor. 

The experiments made in Munich constitute a decided stei) 
forward, for within certain limits they were extended to “super- 
heated ^ vapors. In these experiments the specific volume s is not 
determined by calculation, but is found directly, just as was 
attempted by Battelli and others, though on a smaller scale. 

•Mitteilu^en iiber Forschungsarbeiten aus dem Gebiete d«s Ingenieur 
wesens, published by the Verein deutscher Ingenieure. Berlin, 1905. 
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•on hand; but it is not so with mixtures of liquids. If here y is the 
mixture ratio of two liquids before steam formation; then after 
-a portion is converted into a vapor the mixture ratio of the liquid 
remaining behind is different, i.e., will be on the other hand 
that of the steam mixture will be y^'] both values will be different 
from and dependent on the total ratio j/, and will depend upon the 
temperature t and the total volume of the unit of weight of the 
mixture of liquid and vapor. 

§ 47. RECENT RESEARCHES ON THE BEHAVIOR OF 
SATURATED AND SUPERHEATED STEAM/’ 

The investigations of the present second volume are based 
•exclusively on the grand and wonderful experiments recorded by 
Y. R e g n a u 1 1 in his great work, ‘^Relation des exp6riences, 
pour determiner les principals lois et les donn6es num(§riques qui 
entront dans le calcul des ^machines i vapeur.’ ” 

The experiments began in 1840; the book appeared in Paris in 
1847 as the first of a series of three volumes (VoL II in 1862, 
Vol. Ill in 1870), the latter volumes being devoted to gases and to 
other vapors than those of steam, and intended to determine their 
physical and thermal properties. 

Por the development of thermodynamics the experimental 
results of the first volume were of the deepest influence, for from 
them there were obtained the first reliable data concerning the 
behavior of “ saturated steam. In all the years that have elapsed 
since the appearance of Regnault’s works but few experi- 
ments in the same direction by others have become known, and 
these have mostly shown slight differences, and where greater 
differences did appear they did not cast doubt on Regnault^s 
statements. 

Finally, and quite recently, several works have become known 
which will now be discussed more in detail on account of their 
importance; the investigations of Battelli and T u m 1 i r z 
have already been mentioned on pp. 48 and 50. 

Of the experiments to be discussed we will first call attention 
to the communications from the laboratory for Technical Physics 


35G 


TECHNICAL THERMODYNAMICS. 


such R e g n a u 1 1 instituted experiments for different mixture^ 
ratios of ether and bisulphide of carbon, of chloride of carbon and 
bisulphide of carbon, and of alcohol and benzine.^ Further 
experiments were conducted by Wiillner^ and were with 
mixtures of water and alcohol and also of ether and alcohol. 

The steam pressure p of the mixture is here dependent upon 
the temperature t and the mixture ratio y and is always smaller 
than the sum of the saturation pressures p' and p" of the separate: 
vapors for the same temperature; the ratio 

therefore appears as a proper fraction. If the mixture consists, 
of equal parts (by weight) of the two liquids, i.e., if then it 
is found that p, for different temperatures, is a co.nstant 
quantity; according to W ii 1 1 n e r on the average y =0.596- 
with water and alcohol, while with ether and alcohol p =0.630, 
and according to Regnault with ether and bisulphide of 
carbon p =0.590. With other mixture ratios the value of p is 
greater or smaller and also changes slowly with the temperature; 
the value y is larger when the more volatile liquid predominates 
in the mixture, and it decreases with I he temperature; the opposite- 
takes place when, measured by weight, there is less of the volatile 
element in the mixture than of the other. 

The existing experiments are, however, inadequate for the per- 
ception of the underlying laws and for drawing further conclusions 
from the experimental results, and are particularly insufficient for 
determining the partial pressures of these kinds of vapors in the 
mixture and for deducing from them their degree of superheat. 
More important conclusions would be given by experiments fur- 
nishing the pressure curve which exists when a particular mixture 
is converted into vapor at constant temperature. For 
a simple liquid the vapor pressure is constant as long as liquid is. 

' Rel II, 724 to pS. 

iillner, ^^XJber die Spannkraft der Dtopfe von Flussigkeitsgemischen.’^ 
Poggend. Ann., Vol. 129, 1866, p. 353. 
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,aad pressure of tlic mixed vapors has been fixed by experi- 
ment. 

It v^as formerly assumed that the pressure of the steam mixture 
standing over a mixture of two liquids was the sum of the satura- 
tion pressures belonging to the two kinds of vapor at the corre- 
sponding temperature; thus if p' was the saturation piressurcj of thc^ 
one steam, at the temperature t, provided that the stcaiu existed 
alone, and if p" was the pressure of the other steam, then llie 
pressure p of the mixture was simply taken as p ==p' H-p"; it was 
assumed, therefore, that the two kinds of vapors were prc(s(ud. in 
the saturated state after their mixture. 

But Magnus^ was the first to show that this assumption is 
confirmed by observation only when the two liquids miiigh; like 
oil and water, i.e., when they do not mix; on the othcir hand 
that with mixablc liquids there always obtains the ndation 
p< (p' +p"). and consequently that for tlic teinperatnres uruhT 
consideration the pressure of the steam mixture cannot be 
directly determined from the saturation pressures of the sevend 
kinds of vapor. It follows from this that of the two kinds of 
vapors one of them, and probably both, exist in the superlieal(id 
condition. 

Later Regnault took up the question in a thorough 
fashion and confirmed the proposition that in the commingling of 
two liquids which do not mix the pressure of the mixed vapor is 
equal to the sum of the saturation pressures of the separate vtipors. 
The experiments in question ^ related to a commingling of water 
.and bisulphide of carbon, of water and chloride of carbon, and also 
of water and benzine. Regnault designates such mixtures 
as mixtures of the first type, but distinguishes two other kinds; 
one of them includes those eases in which a liquid mixes with only 
a limited quantity of the other, as water and ether; the other, 
which Hegnault characterizes as ndxtures of the third typie, 
are mixtures which can be effected for all ratios of the constitumit 
liquids. Those occurring most often are of the third type. For 

‘Magmis, “fiber das Sieden voa Gemengen zweier Flussigkfsiton.'' 
Toggend. Ami., ^©1. 38, 1836, p. 481. 

»Rel. II, 720 and 721. 
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hope that the problems involved here are approaching solution; 
just the problems that are important in technical circles, and 
which we will soon specify more particularly, are the very ones 
which have been furthered least, so that at the present time it is not 
possible to represent the cycle of certain machines in a theoretic- 
ally satisfactory manner. Carre’s ice machine (absorption 
machine) belongs here, and also Hpnigmann’s machine, 
which works with a mixture of water and soda-lye. 

In the following it will only be a question of reporting the 
existing experimental results on liquid mixtures, stating the 
conclusions that can be drawn therefrom and thus indicating the 
bases necessary for the solution of particular problems. 

Let us first suppose that two liquids A and B are brought 
together and mixed; let Gi kg. [lb.] of the one and G2 kg. [lb.] of 
the other be given and let their mixture ratio Gi :G2 be expressed 
by y; now if a part of the mixture is converted into steam with 
an overcoming of the external pressure, then the questions arise, 
what heat quantity must herewith be supplied, what is the pressure 
of the steam mixture at the given temperature, what mixture 
ratio obtains at this particular instant in the remaining liquid, 
what mixture ratio exists in the steam, mixture present, and 
finally what is the quality of the steam of each of the several 
liquids, that is, whether each steam, at the temperature under 
consideration, is in the saturated state or not? 

Another series of questions relates to the mixing process 
proper. If two substances of the same temperature are at first 
separate, both in the liquid condition or both in the state of vapor, 
or one of them in a liquid condition and the other in the condition 
of vapor, and if they are now brought together under prescribed 
changes of pressure or of volume, then the question arises as to 
the state of the two bodies at the end of the mixing; the question 
particularly arises as to the changes of temperature which thus 
occur, or as to the heat quantities which must be withdrawn or 
supplied after the mixing in order to restore the initial temperature. 
Only a few of the questions indicated have been thus far subjected 
to theoretical and experimental investigation; for a series of 
mixtures the relation between temperature 
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(60) 


For the ordinary case of adiabatic expansion the left member 
of this equation becomes 0; we can then, for any arbitrary tem- 
perature T, compute the steam quality z, and therefore, by means 
of (?i(r— Xi), the steam weight which has been converted into 
snow or ice, provided we know the initial quality x\ and the initial 
temperature Ti. The volume and pressure of the mixture are 
easily found in the manner given above. 

By the presentations in the preceding articles we have con- 
sidered all the possible cases of investigation; the transcendent 
form of all equations of course renders the special investigations 
extremely difficult; but the equations permit of many trans- 
formations, and for meteorological purposes, which are, however, 
foreign to the purpose of this work, may be replaced by simple, 
approximate expressions. 


b) Mixtures of Different Kinds of Vapors. 

§ 46. GENERAL REMARKS ON MIXTURES OF DIFFER- 
ENT KINDS OF LIQUIDS AND THEIR VAPORS. 

In attempting to examine more closely the behavior of mixtures 
of liquids and of their resulting vapors, we encounter difficulties 
which up to this time have not been overcome; this is due in part 
to the lack of experimental investigations bearing on the special 
questions that are to be answered, and in part to the fact that 
thermodynamics has thus far not been so applied to chemical 
actions as to be suitable for technical use. To be sure there are 
some penetrating investigations; the older classical works of 
Kirchhoff have been followal by investigations by von 
Helmholtz, Duhem, and others, which were inspired by 
the theoretical discussions of Horstmann and Gibbs, 
and these have led to considerable results and permit us to 
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steam, for the heat imparted 

dQ =CedT Apdv. .... (57^ 

According to the development upon p. 29, it is evident that, for 
the present case, Clapeyron’s equation takes the form 

r+re 

u dt’ 

and that, therefore, the preceding heat equation, when transformed 
in the way given on p. 58 and p. 60, becomes 

dQ^cdT^Td\j^^^'\ (58) 

The combination of this equation with equation (56), in con- 
junction with the integration of the expression 


AdL^dQ-AdV, 

gives the corresponding work L. 

The preceding formulas enable us to follow any change of 
state of a mixture of i c e and steam in the same way as was 
illustrated above for the mixture of water and steam by a 
whole series of examples. 

We can now examine the behavior of a mixture of air 
steam, and ice. 

Let Gi be the weight of the air present, Gz that of the ice and 
steam, then we get, in the same way as that followed in establish- 
ing equation (10), p. 322, and taking account of the relation V = 
Gzxu, 

dQ =c.(?i[dr + («-l)T^] +G^cdT+Td(^-^^^'^'^, (59) 

or we get the change of entropy AiP-Pi) if we designate the mix- 
ture ratio Gz'.Gi by to: 


behavior of the mixture of air, steam, and IC'J;- 
the mixture; consequently the heat quantity converted into work is 

and this we will designate as the external latent heat of 
fusion; from this follows 

pe^re — Apicf — Oe), 

which we will call the inner latent heat of fusion. 

Now it is well known that the specific volume <Te of t.h(( ice is 
greater than that of the water, and, accordingly, contraction ( akes 
place during melting. The observations show that at the atmos- 
pheric melting-point of 0° [32°] we have (Tc== 0.001087 [0.017413) 
and <7=0.001 [0.016]; accordingly the external heat of watfu- is 
negative, but it is of such slight magnitude that we can assunu'. 
the inner latent heat of fusion pe as identical with the latent, hf'at n 
Let the water produced be completely converted into sl(>aiu 
under the constant pressure p; the necessary heat quantity as 
before is r, and the heat quantity which is converted into work 
is Apu; the corresponding inner latent heat is p=r—Apu. 

We now obtain for the steam heat, or the heat contaimid in a 
unit of weight of steam over and above that in a kilogram [poum 1] 
of ice of the temperature Ti, 

J =Ce{T — 

At a certain instant of the evaporation of the ice, let the steam 
quality be x and 1 — x be the specific ice weight, then the excess of 
heat in the mixture of the ice and steam over the heat contained 
in a unit of weight of ice is 

A{U- C/i) =[c.(T - Ti) +p<, +p\x+ce{T - Ti) (1 -x), 
or 

AiU-Ui) =^CeiT-T,) -i-(pe+p)x, 

and therefore 

AdU ^CedT +d[(pe +p)x] (56) 

This equation takes the place of equation (41), p. 54. We then 
get, for any reversible change of state of any mixture of ice and 
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Tor the point (pa, vs), Fig. 33, in which all water is converted 
into ice, and, because {l-x-y)=0, the preceding equation gives 

0=ABiloge-+^[{r2+re)X3-r2X2-rel . . (55) 

X2 2 

where xz represents the steam quality at the end. 

From this we can compute X 3 and the specific ice weight (1 x^) 

at the end; in so doing we must substitute 

!r2=273 ra =606.5, re =79, and =0.0690 

[fa =4914.4, r2=1091.7, = 142.2, and d/ii =0.0690]. 

If we continue the expansion still farther, then the steam will 
be precipitated as snow, an occurrence which will be explained 
by the following investigations. 

§ 45. BEHAVIOR OF THE MIXTURE OF AIR, STEAM, 

AND ICE. 

Let us first assume a unit of weight of pure ice surrounded by 
an elastic envelope which exerts upon it a pressure identical 
with the steam pressure, corresponding to the melting tempera- 
ture; furthermore let Ti be the temperature of the ice and /re its 
specific volume, then the heat quantity which must lie imparted 
to the ice in order to bring it to the melting temperature is 

qe = Ce{T — Ti), 


where ce represents the specific heat of the ice, which we will take 
to be Ce =0.5 and constant. 

Now, in order to convert the ice under constant pressure com- 
pletely into water of the same temperature, there is necessfiry the 
heat of fusion re =79 Cal. [142.4 B.t.u.]; the total heat to be 
imparted is therefore 

le =Ce(T — Ti) -\-Te. 


But during the conversion of ice into water a change of volume 
<;-<t 3 occurs, where, as before, a represents the specific volume of 
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to equation (29a), the air pressure at the instant is 


BxT 

mv 


(53) 


The total pressure is p +P"} when p" represents the steam 
pressure corresponding to the temperature. 

Equation (52) is valid only up to the point {p 2 , V 2 ), Fig. 33, 
at which the temperature T 2 =273° [491.4° F.]. Let the values 
corresponding to this temperature be taken from the steam table 
and be marked by the subscript 2, then there will follow, according 
to equation (52), 

0 = (Ce +mc) logc-p +ABi logc +m(^^ +'^') • (52a) 

r 0 Wo \ J-2 aj 

From this we can find the steam quality X 2 at the freezing- 
point, and then, in the manner indicated, the corresponding volume 
V 2 and the pressure p 2 - 

The work of expansion along the path T 0 T 2 for the increase 
of volume from Vo to V 2 results from equation (32), p. 335, and is 

zlL =Gi[c®(7’o — T 2 ) +w(5oH"|Oo~^2^'2)]- • • • (54) 

With continued adiabatic expansion from the volume V 2 to 
the volume vz (Fig. 33) under constant temperature 72=273° 
[491.4°] ice formation takes place 

For this occurrence equation (26), p. 330, is valid, and, because 
there is here an adiabatic change, we have P=Pi; moreover, 
because no ice is present at the beginning, we must substitute 
yi =0. Therefore for the present case, and for any point whatever 
of the change of state, we get 

0 ^ABi loge ^ 

where x is the steam quality, y the specific ice weight, and {1-x — y) 
the specific water weight. 
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The work of expansion L is given by equation (49): 

L = 566.05 mkg. [4094.3 ft-lb.]. 

If the expansion is continued further, the condensation of steam takes place. 

Assume, as before, a unit of weight of air and saturated steam; 
suppose given the mixture ratio m, the pressure pi, the temperature 
Tij and -also the specific volume vi; suppose the course of the 
corresponding limit curve DD (Fig. 33) to be determined by 
equations (42) and (42a), then, with prolonged adiabatic expan- 
sion, the limit curve is crossed at the point To, and condensation 
of steam takes place along the path T 0 T 2 till the freezing point 
is reached at 72=273° [491.4° F.]. 

With a further prolongation of the adiabatic expansion along 
the path T 0 T 2 (Fig. 33), the temperature remains constant, till, 

at the point T 2 possessing the co- 
ordinates ps and V 3 , there are finally 
present only air, steam, and ice (with- 
out water). 

The occurrences during the ex- 
pansion of the volume from Vi to vo 
were just investigated; on the 
further occurrences during the expan- 
sion from Vo to v^ light is shed by the 
formulas (31) and (32), pp. 334 and 
335, in §43; in these formulas we 
have only to interchange subscripts 
1 and 0 and to substitute Xi =1. 

If we treat the average specific heat c of the water as constant, 
and also c,,(/c-l) there follows from equation (31) for the 

present case 

0 = (c, +me) loge-^ +ABi loge^ “ ^) • • 

According to this equation we can calculate for any arbitrarily 
chosen temperature T lying between To and the steam quality 
x\ then the corresponding specific volume v=xu, and, according 
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Naturally these equations also hold for the region beyond 
the limit curve. In adiabatic expansion or compression we can 
easily determine the point of intersection To (Fig. 32, p. 341) 
with the limit curve. 

Let the initial state be represented by pi and Vi, and calculate 
from it C =piVi''; let po and vq be the coordinates of the point of 
intersection, then one curve gives 

poro'' 

and the other curve, according to equation (42), gives 

poVo^ (50) 

and from them we determine vq from the relation 



Then po follows from equation (50), and the corresponding 
temperature To from the equation 

Example. A mixture of atmospheric air and unsaturated steam 
has the temperature ti = 20° [58°J, and the pressure is pi — 760 mm. [29.922 
in.], the mixture ratio is m=jO.OL 

Here we get, as in the example on p. 344, = 2.1659 [0.75887], == 0.8350 

[13.3758], and the constant of the limit curve Dm ==015.84 [449.272]. On the 
other hand we get for the constant of the adiabatic curve 

U»p,^;/-589.38 [1149.4], 

and according to equation (44) cu = 0.1705. From equation (45) /c== 1.407, 
and therefore it is very nearly equal to the value 1.410. 

For the point of intersection with the limit curve we get from equations 
(51) and (50) 

= 0.8844 and p,, = 700.85 mm. 

[i;, = 14.1f)7 and p,,* 27.593 in]., 

and from the equation of condition the corresponding temperature, 

To « 286.17° or 12.17^ 

[To = 515.106° or 4,-55.706°]. 

The corresponding steam pressure is found according to equation (37) : 

7YL 

pif « __ Po = 1 1 .09 mm. [ = 0.43662 in.]. 
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c,' +mcv" 

1+m ' • * • 

and the ratio of the two values 


( 44 ) 


Cp_ Cp +mcp' 

Cp c/ +mcv'" 


. (45) 


where m, as above, means the mixture ratio. 

Here we must substitute Cp' =0.2375, c/ =0.1685, Cp" =0.4805, 
and Cd" =Cp—J.H 2 = 0.3695. 

For the unit of weight of mixture we then have for the change 
of inner work 

AdU=CrdT, ( 46 ) 


md for the heat imparted (see Vol. I, p. 134) 

A 

dQ = — r (vdp + Kpdv) 
=CpdT+ABrJ’— ■ 

V 

=c^T-ABmT^- 

V 


(47) 


With unsaturated as with saturated air, of ordinary atmospheric 
temperature, the mixture ratio m is so small that, according to 
equation (45), we obtain values of « which hardly differ from the; 
value « =1.410 for dry air; in such a case we can therefore un- 
hesitatingly utilize this value for moist air. 

For the calculation of the entropy, equations (55), Vol I 
p. 135, will serve. ^ . 

For the important case of adiabatic change of state the first 
of equations (47) will give the equation of the adiabatic curve : 

pr''=piri*, (4g) 

and the work L is determined from equation (46) by 

AL=Cv{T-Ti). 


m 
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condition pv = BmTj the temperature r = 287.04° [516.676°], or by Celsius 

14.04° [57.276°]. The steam pressure at the instant, according to equa- 
tion (37), is 

m 

p" = “-p = 1 1 .78 mm . [0.46378], 

in excellent agreement with Regnault’s experiments on the relation 
between temperature and pressure of saturated steam; these experiments 
give 11.91 mm. [0.46S90 in.] for t=14:° [57.2°]. 

Case 2. The mixture is compressed at constant pressure 
.and cooled till point 2 (Fig. 32) of the limit curve is crossed. 

If we here substitute p = pi = 760 [29.922] in equation {42b), there follows 
for the point of intersection ?;= 0.8188 [13.1163], and from the equation of 
condition we get the temperature T = 287.33° [517.194°] or 14.33° 
£57.794°]; according to equation (37) the corresponding steam pressure is 
p" = 12.02 mm. [0.47323 in.]. 

Case 3. The mixture is compressed at constant tempera- 
ture Ti up to the limit curve. 

Here the combination of equation i42h) with the equation of condition, 
gives for the intersection 3 (Fig. 32) the specific volume v = 0.5759 [9.2253] 
and the pressure p = 1102 mm. [43.347 in.]. The corresponding steam pres- 
:Sure according to equation (37) is p"== 17.43 mm. [0.68623 in.]. (According 
to Regnault we have, corresponding to the temperature 20° [68°], the 
.steam pressure 17.39 mm. [0.68465 in.].) In all three cases further com- 
pression or cooling will bring about a condensation of the steam. 

Under the hypothesis that in the initial condition it, = 20° [68°], p, = 760 
mm. [29.922 in.]) of the mixture the air is just saturated with vapor, we find 
from the tabulation on p. 340 that the mixture ratio = 0.01457. The ratio 
m : mj is therefore for the assumed mixture equal to 0.686 and the relative 
moisture amounts to 68.6%. (More exactly, we have, according to equation 
(29), p. 334, for x = l, the mixture ratio mo=0.01446, for this equation is 
not based on the approximate assumption that the steam is subject to 
the equation of condition of gases.) 

As regards the heat equations for mixtures of air and un- 
saturated steam, the propositions hold which were given in Vol. 
I, p. 171, § 34. 

Let us designate the two values of the specific heat for air by 
Cp' and Cv', for steam by Cp" and c/', and for the mixture by 
Cp and Cv, then according to the formulas (13), (14), and (15), 
developed in Vol. I, p. 172, we have 

Cp' -4-mCp" . 

1 -f-m ' 


(43) 
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here, when p is expressed in millimeters [inches], we must use the 
constants’ 

£=0.622, V =1.0525, D =1254 [=914.83], , . . (41a) 


If we designate the value of the right member of equation (41) 
by Dm, and if we prefer to introduce the reciprocal value of m, 

i.e., 2 =—, there follows 


where 


pv'’ =D, 


(42) 


Dm = 


1 4- £2 

(1 +zr 


D. 


. (42a) 


We see from this that an infinite number of limit curves differ 
only by the constant Dm which can easily be found for every 
mixture ratio from equation (42a). 

As regards the general properties of these curves and their 
graphical representation we can apply the propositions for the 
polytropic curve, derived in Vol. I, §§ 29 to 31, p. 151. 

Example. For the mixture ratio m = 0.01 or for 2 = 100 there fol- 
lows, from equations (42) and (42a), 

pvi.0525 = 61.5.84 (425) 

[p^,l.05l5=449.27]. 

The constant Bm of the equation of condition of the mixture is found from 
equation (38) to be 

Bm = = 2.1659 [0.75887], 

provided the pressure p is given in millimeters [inches] of mercury. 

If the initial pressure of the mixture is pi==760 mm. [29.922 in.] and 
the initial temperature is taken [5S% then we can compute from the 

equation of condition piVi =» BmTi, the specific volume of the mixture of the 
beginning, namely, == 0.8350 [13.3758]. We will now consider the following 
changes of state. 

Case 1. The mixture is cooled at constant volume till 
point 1 (Fig. 32) of the limit curve is reached, i.e., till the steam present has 
passed into the saturated condition. 

If we substitute in equation (426) 0.8350, then the corresponding 

pressure is 744.54 mm. [29.313 in.], and we get, from the equation of 


MIXTURE OF AIR AND UNSATURATED VAPOR. 


343 


In order to fix the course of the limit curve for a mixture 
of air and steam and indeed for any mixture 
ratio m whatsoever, let us -start from the point m 
(Fig. 32) -with any change of state TxTq and continue it till the 
limit curve DD is met at jPq; if Tq is the corresponding tempera- 
ture of saturation, then, according to equation (38), we have for 
this point 


e+m 


On the other hand equation 


PqVq =jS2^0 

also obtains when po is the steam pressure, and vq is the specific 
volume of saturated steam of the temperature To* 

The division of both equations gives 

PqVq 1 +m 
pv ~ s +m’ 

and because equation (37) is 

m 


we get from the combination of the two formulas the specific 
volume Vo of the steam at the point of intersection To (Fig. 32), 
as follows; 

1 +m 

vo= V. 

m 

If we now substitute the two values of po and vq in place of 
p and V in equation (40), we get an equation for the limit 
curve corresponding to the mixture ratio m: 

s+m/ m y 
\1 +m/ ^ 


pv'' = 


m 


(41) 
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and u adduced in the table should hardly be used for this; 
purpose. 

It would therefore be better to hold fast to the hypothesis that 
steam for these temperature values is subjected to the equation 
of condition of gases. 

If we compute, according to equation pv=pu=B 2 T, for several 
temperature values, the corresponding specific volumes v, and 
in so doing substitute 52=3.4641 [1.21373], under the hypothesis 
that the pressure p is given in millimeters [inches] of mercury, 
then we get the following results; 



o 

o 

1 

-10° 

0° 

+10° 

+20° 


944.7 

435.0 

205.4 

106.9 

58.3 


-4‘‘ 

4-14° 

O 

CO 

O 

O 

68° 

v=^u — 

15133.0 

6968.0 

3290.0 

1712.0 

933.9 


The values for the temperatures below the freezing-point differ 
not inconsiderably from those of Table lb of the Appendix, but 
may nevertheless be regarded as reliable. With the help of these 
values and of the corresponding pressures p given in Table lo, we 
can now calculate the constants of the equation of the limit curve, 

pv" =5, (40> 

and find them to be 

V =1.0525 and 5=1254 .... (40a) 

[v=1.0525 and 5=914.83], 

under the h 3 ^othesis that the pressure p is given in millimeters 
[inches] of mercury. 

This equation gives for 


11 

1 

-10° 

0° 

+10° 

+20° 

r =944.1 

435.5 

206.1 

107.1 

58.2 

rt= -4° 

+14° 

O 

CO 

50° 

00 

o 

b =15124 

'6976 

3302 

1716 

932 . 5 J 


which agree sufficiently well with the values just given so that 
this equation, under the assumptions made, can be made the basis 
of further investigations. 
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^hich value is called the degree of moisture or the relative 
moisture of the air.” ^ 

Equation (38) now gives for a known mixture ratio m the 
relation between pressure, volume, and temperature of the unit of 
weight of mixture; when the change of state is arbitrary it is only 
valid so long as no condensation of steam takes place. 

Suppose that for a certain mixture ratio m the initial condition 
is given by Vi, pi, and Ti, then a certain limit curve DD will 
belong to the given mixture ratio m 
{point m of Fig. 32), and this limit curve 
must not be overstepped by the change 
of condition, as this would involve con- 
densation of the steam present. The 
course of this limit curve can be fixed 
with sufficient accuracy for the ordinary 
temperatures of the atmosphere. For 
pure steam (without admixture of air) 
there was found earlier (p. 37) an approx- 
imate equation of the limit curve 

. . . 

where v and D are constants which have elsewhere been given for 
the higher pressures occurring in steam engines. 

For the present case of ordinary atmospheric temperatures 
we could specially determine the constants v and D, for the purpose 
-of determining more accurately the course of the limit curve; 
this could be done with the help of the values of p and u=v, 
given in Tables la and Ih of the Appendix for temperatures ranging 
from -20° to 4-30° [-4° to 4-86° F.]. The calculation of u on 
the basis of the experimental results is, however, hardly reliable 
enough for the given limits of temperatures, i.e., the values Apu 

' Here examine the calculations in Vol. I, pp. 264 to 263, which are conducted 
as is customary in Physics and Meteorology. For the thermodynamic study of 
the occurrences in the atmosphere it is clearer and more correct to pursue the 
path taken above in the text; here there have been introduced in the calcula- 
tions the temperature T and the common pressure p, also the mixture ratio m, — 
the ratio of the steam weight G 2 to the air weight Gi. 



(40) 
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as the equation of condition of the mixture considered, but this 
will only be valid so long as d r y steam, saturated or unsaturated, 
is mixed with the air. 

If in the present case, which presupposes unsaturated or 
superheated steam, the steam were just saturated for the same 
pressure p and the same temperature T, then we should take from 
the steam table the pressure corresponding to this temperature 
and designate it by po' and according to equation (35) we 
should get 

wo=-^„ (39) 

p-po 

where mo represents the corresponding mixture ratio. For 
example, this equation gives, for a pressure p=760 mm. [29.922 
in.] of the mixture, the ratio mo for a mixture of saturated steam 
and air at the following temperatures; 

(= -20° -10° 0° +10° +20° +30° 

mo =0.00076 0.00172 0.00379 0.00759 0.01457 0.02694 

If the air is not saturated with vapor, then m<mo. 

From equation (35) we find for unsaturated steam 
the mixture ratio 


m = 


p''c 

p-p"’ 


(39o) 


where p" is the " vapor pressure ” of meteorology; the ratio 
m:mo, designated by x, can now be found from 

mo _ P"(p-Po') 

^ m po"{p—p"y 

which can be written sufiSciently accurately 

v" 

X 

Po 
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the air, p" that of the steam, and p the total pressure, then, accord- 
ing to the preceding assumptions, we have the relations 

Vp'^GiBiT and Vp"=G 2 B 2 T. . . . (33) 

Here we must let Bi =29.269 [53.349] for air, and for steam 
.82=49.061 [89.424], when the pressures are given in kilograms 
per square meter [pounds per square foot]. The ratio 


£ 



=0.622 


(34) 


is the weight of the steam relatively to air, possessing the same 
pressure and the same temperature. 

If the pressure is given in millimeters [inches] of mercury, then 
we must substitute Bi =2.1528 [0.75428], and 52=3.4614 [1.2128]. 
Dividing one of the two equations (33) by the other, there follows 


p' ~Gi 5/ 

and from this we get 

p" m p" 
p' ~ s ~p—p'" 


(35) 


where m represents the mixing ratio or ratio of steam weight to 
air weight. Hence there follows, because p =p' +p'% 


and 


p' = 


e+m' 


P 


(36) 



m 

e-t-TO^' 


(37) 


On the contrary, if we add the two. equations (33) and assume 
a unit of weight of mixture, i.e., Gi +(r 2 =l, we shall find 


pv — 


e +m 
1 +m 


B 2 T =Bm.T . . . . 


. . (38) 
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With further adiabatic expansion the temperature remains constant at 
0° [32°] till all the water is converted into ice, and the further calculation 
will have to be made as in the example on p. 332. 

Moreover, in the present example, after introducing the corresponding 
quantities in equation (32) for the work of expansion, we find 

AL = 4.9497 (?. 

[11 = 8.9095 GJ, 

or if at the beginning we had on hand one cubic meter [cubic foot], this 
work will become 

1L= 5.8273, Cal. or L = 2470.8 mkg. 

[IL = 0.297 B.t.u. or L = 229.5 ft-lb.], 

because, from the relation G,B,7'=7iP,', when F, = l, we find the weight of 
the air to be G,= 1.1773 kg. [0.0333 lb.]. 


§ 44. BEHAVIOR OF THE MIXTURE OF AIR AND 
UNSATURATED VAPOR. 

At ordinary atmospheric temperatures the pressure of the 
•steam mixed with the air is so slight, even when saturated, that 
we may unhesitatingly proceed from the assumption that the 
steam present behaves like a gas and is therefore, in the saturated 
as well as in the unsaturated state, subject to the equation of 
■condition of gases. This assumption is general in meteorology, 
hut it is also thoroughly permissible when investigating engines 
and machines, i.e., in blowers, compressors, cold-air engines, etc., 
provided we only consider the vapor contents of ordinary atmos- 
pheric air without the simultaneous presence of liquid water. 
Here, therefore, the propositions derived in Vol. I, p. 107, § 20, 
on “ Gas Mixtures,” will hold. Nevertheless these propositions 
require further examination, for, applied to air and steam, they 
possess only a limited validity and are useless as soon as the 
changes of state are accompanied by condensation of steam; it 
is particularly important to determine the range of their applica- 
bility. 

If the volume V, as before, includes Gi kg. [lb.] of air and G 2 
-Teg. [lb.] of steam, and if T is. the temperature, j/ the pressure of 


I 
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The work of compression is found from equation (32) through 

AL = 34.698 
[AL = 62.456 (?J. 

If, at the beginning, yi==l cbm. [1 cu. ft.], then Gi is found from the 
relation Gii5,Ti== Fip,, and so Gi = 1.1773 kg. [0.0333 lb.] is the weight of 
the air present ; therefore the work of compression is 


AL = 40.850 Cal. 
[AL- 2.082 B.t.u. 


or L = 17320 mkg. 
or L = 1609 ft-lb.]. 


We get very different results if we compress 1 cbm. [cu. ft.] of dry air of 
1 atmosphere pressure and of the temperature ii = 20° [58°] to the same 
final volume F== 0.2030 cbm. [cu. ft.]. Equations (60), (61), and (62a), 
Vol. I, pp. 139 and 140, then give the final temperature ^ = 270.35° [486.63®],, 
the terminal pressure 9.471 atmospheres, and the compression work L = 19315 
mkg. [1800 ft-lb.]. 

We see from this how greatly the injection of water prevents superheat- 
ing in air-compressors; the given formulas (30) and (32) constitute the bases 
for the theory of such compressors. 

Example 2. Let a cylinder contain air and saturated steam with- 
out water under the atmospheric pressure pi = 10333 kg. [2116.3 lb.] and 
of the temperature == 20° [58°]. Here rci = 1, and because the steam pressure 
29/' = 236.4 kg. [48.42 lb.], the pressure of the air is 10096.6 kg. [2067.9 
lb.], and hence, according to equation (29), the mixing ratio becomes 

m = ^‘'=0.01446. 

Gi 

Now let the mixture expand adiabatically till the tempera-^ 
ture at the end is ^ == 0° [32°], so that T = 273° [491 .4°]. Here, utilizing known 
constants and the values of the corresponding temperature functions. Tables 
la and 15, we obtain 

loge T + 0.12972T = 0.61103, 
y \ y \ 


and from this, by trial, the expansion 


and then, according to equation (30), the steam quality at the end is a;* 0.4220„ 
because at the beginning it was assumed that Xi==l. The pressure of the 
air at the end is = 456.88 mm. [17.988 in.], and accordingly the final pres- 
sure of the mixture is p =461.48 mm. [18.169 in.], while the initial pressure 
amounts to Pi=*760 mm. [29.922 in.] of mercury. : 
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nating the constant B of the equation of condition for steam by 
B 2 (generally we make B 2 =47.061 [85.778]) and using the above 
notation, 

pi'ui=B 2 Ti and p"u=B 2 T; 

the preceding equations (31a) and (32) may then be written as 
follows : 


T P\ B-[T T p'^ T\ Pl'“\ 

0 = {Cp +WC) loge -\-AB\ log^ ^ r ~p' Wi p" J 
and 

^L=(?i I (c,+mc)(Tx-T) I . 

Equation (316) is also given by Hertz (ibid.). 

Example 1. Let a cylinder contain air, steam, and water of the 
atmospheric pressure = 10333 kg. [2116.3 lb.], and of the temperature 
= 20® [58°] or Ti==293® [527.4®]. After the water has been injected sup- 
pose that, measured by weight, there is just as much air present as steam 
and water, i.e., suppose Gz^Gi and consequently the mixture ratio m = l. 
Since the steam pressure 236.4 kg. [48.42 lb.], the initial steam pressure 
is 7 )/ = 10096.6 kg. [2067.9 lb.]. The initial steam quality, according to 
equation (29), is = 0.01446. 

Now let the whole mass be compressed adiabatically till 
the temperature has risen from ^^=20® [58°] to ^=^50® [122®]. 

Substituting in equation (31) the known constants and the given quan- 
tities, with the help of Tables la and 16 of the Appendix, we find 

log. Y - 1 .80664 Y = 1-22640, 

and from this we easily get by trial the corresponding ratio of compression, 

y. 

y=4.926. 

Consequently when we have at the beginning cbm. [1 cu. ft.] of mass, 
the final volume 7=0.2030 cbm. [cu. ft.]. 

From equation (30) then follows the steam quality at the end, namely, 
a; = 0.01429, and the air pressure at the end, p' = 54824.5 kg. [11218.7 lb.]. 
The steam on hand at the temperature 50® [ 122 ®] has a pressure of 91.98 
mm. [3.6213 in.], or = 1250.5 kg. [256.18 lb.]; accordingly the final pres- 
sure of the whole mass is p = 56075 kg. [11474.9 lb.] or 5.427 atmospheres. 


(31c) 

(32b) 
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and then we get the corresponding work of expansion or of com- 
pression L in accordance with equation (9), p. 322, and find that 
it is 


AL=GiCt{Ti — T)-^G^q\—q-\-xip\—xp\. . . (32) 


which equation is capable of different transformations. 

Of the possible transformations of the two preceding funda- 
mental equations we emphasize only the following. 

If we may assume the average specific heat c of the water as 
constant, then according to equation (54a), p. 59, we may take 


1 ^ 

T-Ti =C loge^. 


If, moreover, we utilize equations (30) and (29) and consider 
the relation Cp=c,H-i4i3i, we get in place of equation (31a), as is 
easily seen, the equation 


Cp+mc 

'"abT 


T 

'Ti 


logs TfT +loge TT + 1 


El 

p' 


(-1 

\Aup' Auipi'/’ 


(315) 


from which can be computed for any arbitrary final tempera- 
ture T the final pressure p' of the air; then, because the steam 
table will give the steam pressure p" corresponding to the tem- 
perature t, we can also determine the final pressure p=p'+p" 
of the whole mass. With the help of equation (30) we can next 
calculate V and x for the final condition. 

Following the same method of transformation we further- 
more get from equation (32) the work produced or consumed : 




where we must imagine the final pressure p' of the air determined 
by equation (315). 

In meteorological investigations we usually have to do with 
relatively narrow limits of temperature and pressure and may 
therefore assume that saturated steam behaves like a gas; desig- 
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then the combination of equations (2) and (3), p. 321, and 
neglecting the very small value a, gives the mixing ratio 


or also 


(? 2 _ 

“ Gx pi'xiwi’ 


^X^X 

™ ~Gx ~ p'xu ’ 


(29) 

(29a) 


and after equating we get 

XU V px' T 
XxUx~Vx~ p' Tx 


(30) 


For adiabatic change of state the heat weight is constant; 
therefore if we substitute P=Px in equation (11), p. 323, we 
get as a fundamental equation 

„ ^ , T xr Xirxl 

0=C,(?iloge^^^— j +(?2[r-Ti+y . (31) 

Here the calculation becomes more convenient if we consider 
the relation Cv(k — 1)=AB, utilize equation (30), and insert the 
mixing ratio m: then we have 

T V T /V r r Xl 

0 =C* loge^ + ABx loge^p^ +W j^T Ti d-XiWi uT~ UxTx) \ (31®) 


With the help of this transcendental equation, with known 
initial values and for any arbitrarily chosen final temperature 
T, we can find the volume ratio F:Fi and can then get, from 
equation (29) and the rest of the equations just given, the steam 
quality x and the total pressure p at the end. In this way we can 
determine the course of the adiabatic curve and reproduce it 
graphically. 

In adiabatic change of state we substitute djQ =0 in the funda- 
mental equation 


dQ=A{dU+dL), 
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or the ice quantity -a:), and, according to the above-given values 

of m, the assumed mixture ratio ?? 2 == 0.0369. Under these suppositions, and, 
because iji = 0, we get by trial, from equation (26c), for the steam quality at 
the end, a; = 0.129, and for the specific ice weight 2 / = 0.871. 

The expansion ratio is as follows: 




- = 1.29; 


the air pressure at the end is determined from 


'EL 

Vi 


or 29' = 7961.6 kg. = 585.6 mm. 
[ 2 ?' = 1630.6 lb. = 23.056 in.]. 


Accordingly the total pressure, which at the beginning amounted to 
760 mm. [29.922 in.], is at the end 590.2 mm. [23.236 in.] of mercury. 


§ 43. ADIABATIC CHANGE OF STATE OF THE MIXTURE 
OF AIR AND WET STEAM. 

The adiabatic expansion of moist air, for the special purpose of 
investigating meteorological questions, has often been made the 
subject of discussion by others.^ 

Let us assume, as in § 39, 


At the Beginning. At the End. 


the pressure of the air 

Vi, 

P' 

the pressure of the steam 

Pi", 

p" 

the pressure of the mixture 

Pi =Pi' +Pi", 

p=p' +p' 

the volume 

Fi, 

V 

the steam quality 

Xi, 

X 

the temperature 

h, 

t 


^ The first investigation of the sort, with the help of equations of thermo- 
dynamics, was instituted by T h. Re ye, fiber vertikale Luftstrome iii der 
Atmosphte.’' Zeitschrift fur Mathematik und Physik, 9th year, 1864, p. 250. 
Later this question was specially taken up by H e r t z, ^'Graphische Methodp 
zur Bestimmung der adiabatischen Zustandtanderungen feuchter Luft." 
Meteorologische 2^itschrift von Kdppen, 1st year, 1884; also by v o n 
Be z old, ‘^Zur Thermodynamik der Atmosphare.” Transactions of 
the Royal Prussian Academy of Sciences. 
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ordinate constant and the transformation therefore reduces itself 
to one point. 

The combination of the equations referred to furnishes more- 
over, in place of equation (26a), 

GiABiT\ogey=G^e{y-yi)-rxi(^-'!i^'^. . (266) 

With the help of this equation we can determine, from the change 
of the pressure of the air, the increment (t 2 (?/— j/i) in the ice present. 

If we substitute in equation (26a) values of T, re, and r 
corresponding to the temperature t =0° [32°], we also find 

0.2385 log«|=(? 2 [( 2 /-yi) -7.677 (26c) 

Example. Let us assume a mixture of air, steam, and water of 
0° [32°] temperature and mean atmospheric pressure pi^lOZ3Z kg, [2116.3 
lb.] ; at the beginning there is no ice present, and accordingly *= 0. The 
steam pressure is, therefore, pi" = 62.5 kg. [12.801 lb.], and the air pressure 
is p/ = Pi = 10270.5 kg. [2103.5 lb.]. 

If X, is the steam quality at the beginning, then the initial volume, 
according to equations (3) and (2), is 

= and 

and therefore, by equating, there follows the mixture ratio 

0, BT 

^ (7i xMVi-Vi'y 

If we substitute for the temperature of 0® [32°] the corresponding values 

T-273® [491.4° F.] and 210.66 [3374.55] (Table Ih of the Appendix), 

and also substitute the pressures just given, we find 

(?2 0.00369 
^ . 

Gx Xr 

If no water was present at the beginning, but only steam in the state of 
saturation, then we have Xj * 1, and the mixture ratio m « 0.00369. 

Now let us suppose that in the present case the initial steam quality is 
a:, = 0.100, so that we have 0.1 G^ kg. [lb.] of steam and 0.9 G^ kg. [lb.] 
of water, and let us assume that the expansion is continued till all the 
water present is converted into ice. Then the final quantity of water is 
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aad the final volume from 


_7 


(27) 


The initial pressure of the air is determined, according to 
equation (2), from 




and its final pressure p' by 


jL _£i 

vi y X 

The steam pressure is constant : 

p" =pi" =4.600 mm. [0.1811 in.] of mercury, 


(28) 


or 62.5 kg. per square meter [12.801 lb. per sq. ft.]. 

The total pressure is therefore at the beginning pi +pi" =pi 
and at the end it is p’ +pi" -p) the expansion curve can be 
represented accordingly; its transformation can be found when 
we arbitrarily assume P\ and take the value P, determined by 
equation (26), as abscissa and the temperature T =273 [491.4] 
as ordinate; it therefore appears as a particular, limited, horizontal, 
straight line. 

The problem plays an important part in meteorological ques- 
tions (hail formation) ; only the matter is simplified there by the 
assumption of adiabatic change of state. We then sub- 
stitute Q=0 in equation (25) and P=Pi in equation (26); the 
equations then become identical and we get from equation (26) 

(?i4BilogA=(?2[j(2/-yi)-^(x-Xi)]. . (26a) 


The corresponding equations (23), (23a), (27), and (28) remain 
unchanged. 

As adiabatic-isothermal change of state obtains here, we have 
for the transformation of the pressure curve both abscissa and 
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and the heat quantity for ice formation is 


— G^TedlJ, 


where re represents the latent heat or heat of fusion of ice, i.e., 
re=79 cal. [142.2 B.t.u.]. 

The magnitudes T and r are constant and here T =27‘A [^91.4] 
and r =606.5 [1091.7]. 

The volume V is determined with sufficient accuracy from the 
relation 

F=(?2XM, (2.3) 

where w =210.66 [3374.55] (Table 16 of the Appendix). Accord- 
ingly the heat to be imparted to the mixture is 

dx 

dQ=GiABiT—+G2irdx—redy), .... (24) 

and therefore, by integration, when the initial values arc indicated 
by the subscript 1, we find 


Q=GiABiT loge^+G2[r(x-Xi)-re(y-yi)]. . . (25) 

Dividing both members of equation (24) by AT, we obtain the 
differential of the heat weight or of the entropy, and, by integra- 
tion, get 

P-Pi=(riABi log«~+G'2[y(a:-Xi)— ^(jy-yi)] • (26) 

If, in a particular case, the specific steam weight zj at the 
beginning is known, and, likewise, the specific ice weight iji, and 
if the heat quantity Q which must be supplied is known as a 
function of z or F or of p, then we can calculate from equation 
(25), for any arbitrarily assumed steam weight x, the specific ice 
weight y at the end. 

The initial volume Fi is determined from equation (23) : 


Fi =‘G2XTiU, (23a) 
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Under assumption 2 (m = l), on the other hand, 

Po~ 382.4 and Vo” 29.361 

[pj = 78.320 lb. per sq. ft. and = 470.33]. 

Assumption 3. Suppose the air at the beginning to be dry, with- 
out any admixture of steam and wa'er. Here we have, according to the 
propositions concerning the isothermal of gases (Vol. I, p. 136) and p=5 
atmospheres, the terminal value of the compression, the work 

L — ViPt loge y = 16630.3 mkg. [120288 ft-lb.], 

and for the heat to be withdrawn, 

Q = LA =39.222 cal. [155.645 B.t.u.]. 


42. ISOTHERMAL CHANGE OF STATE FOR THE 
MIXTURE OF AIR, STEAM, WATER, AND ICE. 


One important case of isothermal change of state which deserves 
to be more especially considered arises at the temperature of 0° 
[32°], i.e., at the freezing-point of water; here there may be 
present, with the liquid water, some solid water in the form of ice. 
Let us therefore consider a mixture of Gi kg. [lb.] of air with (?2 
kg. [lb.] of steam, water, and ice; then for every change of state 
(expansion or compression) we shall have the constant temperature 
of 0° [32°]. So long as ice is present with the water, changes of 
temperature in one or the other direction will not take place till 
all the ice is melted or all the water is frozen. Now, at a cer- 
tain instant of the change of state, let x be the specific steam 
quantity (quahty) and y the specific ice quantity; then the mixture 
contains by weight, G 2 X steam, Gzy ice, and G 2 {l—x—y) water. 

Now, if we assume expansion, we have for the heat quantity 
which must be imparted to the air at constant temperature 


GiABiT^, 


when the same notation is employed as in § 41. 

The heat quantity necessary for evaporation is 

G2rdx, 
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and for the weight of the steam present we get, from equation (3), and 
because, according to Table 16 of the Appendix, = 58.720, the quantity 

i— = 0.0170 kg. [0.03748 lb.], 

XiU, + <J • 

and therefore the mixture ratio 


m = — = 0.01446. 


Now the steam quality x at the end of the compression is a; = 0.2, according 
to equation (146). The work of compression according to equation (18) is 

L= 16249.7 + 189.1 = 16438.8 mkg. [ = 118903 ft-lb.], 
and the heat to be withdrawn, as given by equation (19a), is 
(3 = 38.771+8.072 = 46.843 Cal. [ = 185.89 B.t.u.]. 


Assumption 2. On the other hand suppose that at the beginning 
air, steam, and water are present (water being injected before the com- 
pression); and let us assume the mixture ratio to be w = l, then, as before, 
the weight of the air is (ri = 1.1773 kg. [2.5955 lb.]; the steam quality at 


the beginning follows from the relation 0^—0 1 


XjUi +■ 


and is 


a;i = 0.01446 kg. [0.0319 lb.]. 


and hence, according to equation (146), the corresponding value at the end 
is 

x = 0.00289 kg. [0.00637 lb.]. 

The work of compression and the heat to be withdrawn are found from 
-equations (18) and (19a) exactly as in the preceding case. 

In both cases the pressure at the end of the compression is found from 
■equation (13) and is 

p = 5 p' + p/' = 3730.44 mm. =4.908 atmospheres. 

Eor dry saturated steam of the temperature ti = 20° [58®], we have, according 
to Table 16 of the Appendix, for the coordinates of the corresponding point 
of the limit curve, 

p= 236.4 kg. and t;o = s = 58.721 

[p = 48.42 lb. per sq. ft. and % = 5 = 940.65]. 

Under assumption 1 (for the mixture ratio m = 0.01446) we get from equa- 
tion (22) for the coordinates of the corresponding point of the limit curve 
..and for the unit of weight of mixture : 

Pq = 10336.3 kg. and Vq = 0.8370 

[po==2117.21b. and = 13.408]. 
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we then get respectively for the corresponding weight of air and for 
the weight of water and steam 

Gi^j— and .. .. (21) 

and then, representing as before by p and s the pressure and the 
specific volume of dry saturated steam at the saturation tem- 
perature Tj and on the other hand representing by po and ro the 
coordinates of the contemplated point on the limit curve for the 
mixture ratio m, we get, according to equations (17) and (15), 

BiT ms 

Po= d-p and ?^o==T“; — (22) 

^ ms ^ 1 -\-m ^ ^ 

If the limit curve, therefore, is drawn for dry saturated steam 
and its equation is approximately given on p. 37 by then 

we can with ease represent graphically the limit curves correspond- 
ing to other mixture ratios m, and will return to this later. If we 
utilize the relations (21) in the equations (1) to (20) developed 
above, these will be valid for the unit of weight of 
mixture; on the other hand if we wish to reduce them to 
the unit of weight of air we must substitute (ji ==1 and G 2 ==m. 

Example- Suppose given a cubic meter of mixture (Ui = 1) possess- 
ing the temperature ti = 20® C. [58® F.] and that it is subject to the average 
atmospheric pressure Pi = 760 millimeters [29.922 inches] of mercury. The 

. V 1 

mixture is to experience the compression at constant tem- 

Vi 5 

perature, and there are to be determined the final state, the work L 
to be expended, and the heat quantity Q to be withdrawn. 

Assumption I. Let the air at the beginning be just saturated, 
that is, let no water be present. Here, according to the steam table, we 
get, for 1^1 = 20 [58], the steam pressure p/' =17.39 [0.685 in.], and the air 
pressure is -y>i" = 742.61 [29.237 in.], or, estimated in kilograms 

per square meter [lb. per sq. ft.]. 

Pi « 10,333 kg., pi" =236.4 kg., pi'== 10096.6 kg. 

[pi = 2116.3 lb., p "=48.4 lb., pi'=2067.9 lb.]. 

Because = 29.269 [53.349] we get from equation (2), for the weight Gi of 
air present, 

GiBir= 7,p/, G:- 1.1773 kg. [2.5955 lb.]. 
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which equation may also be derived directly from Fig. 31a. The 
two hatched areas of the figure represent the two terms of the 
right member of the equation. 

The heat quantity Q, which is herewith supplied from the 
outside, is found from equation (10) : 

V 

Q=c„Gi(K-l)Tilogey-+G 2 ri(x~Xi), . . . (19) 

or 

Q=^7ipTloge^+~(y-Fi) (19a) 

V I til 

Finally we get the entropy, according to equation (11), from 

Ji(P-Pi) =c„(/c-l)(?i loge-^+(? 2 ^ (a;-a:i), . (20) 

or, after simple reduction, with the help of equation (3), and 
making <t= 0, which is permissible, particularly for the low tem- 
peratures obtaining in meteorological applications, we get 

P-Pi=BGi\oge^^+G 2 j^ix-xi). . . .(20a) 

If, in Fig. 31b, we lay off the value OM =P—Pi as abscissa and 
lay off Ti as the ordinate, the horizontal a'b' represents the trans- 
formation of the isothermal curve ab, and according to the earlier 
presentations the hatched area represents the value Q:A, i.e., the 
heat supply measured in units of work. The indicated division 
of the hatched area is intended to represent the two terms of 
the right member of equation (20). 

If, in equation (20a), we make x =1, we get in Fig. 31b the 
value OMo as abscissa of the transformation of the intersection c' 
of the isothermal curve with the corresponding limit curve. 

The curve passing through c' is intended to represent the trans- 
formation of the corresponding limit curve; in order to compare 

G 

the course of the limit curve for different mixture ratios m = 

Di 

we will reduce, with the help of this ratio and the relation 
+G 2 =1, the curve to the unit of weight of mixture; 
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■upper part, cqc, corresponds to the pressure po' belonging to the air 
present and can be found from equation (2) : 


OiBiT. 

V 


(16) 


Consequently the ordinate po of the point c of the pressure 
curve is 




Y 

^2 


BiT, 
(mi + a ) 


+Pl"y 


(17) 


Therefore a particular mixture ratio, 

(j 2 weight of steam and water 
— — — — - 

Gi weight of air ’ 


is accompanied by a particular limit curve. If no air is present, 
<?i =0, the limit curve passes through the point co and, under the 
supposition that (72 =1, is identical with the limit curve which was 
fully discussed when investigating the vapor of water. 

There are therefore, for the assumed mixtures, an infinite 
number of limit curves, and the hmit curve corresponding to a 
particular mixture ratio can easily be drawn with the help of the 
preceding statements. 

If the curve is represented (drawn with a heavy line in Fig. 31a) 
for a given mixture ratio, then all changes of state must take place 
within the course of the lihait curve if the above developed equa- 
tions are to preserve their validity. The limit curve will be 
pushed farther upward the more air the mixture contains. 

Returning to the consideration of the isothermal change of 
state, we can now determine the work L performed during expan- 
sion along the curve ab (Fig. 31a) ; it is determined from equation 
(6), because the quantities r and p corresponding to the temperature 
T =Ti are also constant, and, after some reduction, we get 

L=7ipi'log.:^+Pi"(F-Fi), .... (18) 


I 

t 

I 

I: 

I 

I 

I 

■ 

] 








324 


TECHNICAL THERMODYNAMICS. 


asymptotes is the axis of ordinates, the other is a straight line 
through Oi, parallel to the axis of abscissas. 

If xi is the steam quality at the volume Vi we get the corre- 
sponding value X, at the volume V, from equation (3), or 


or from 


Gzixui+a) = V, (14) 


xui +a V 

XiUi+a V I 


(14a) 


or finally, as we can neglect in most cases the specific volume i 
of the water, from 

V 

a: = y^xi (146) 


Isothermal expansion, therefore, involves evaporation; 
conversely, compression involves condensation of the 
steam. 



At a certain value V =Fo isothermal expansion causes its: 
curve to reach the point c (Fig. 31a), at which x=l, and with 
further expansion the steam passes into the superheated condition ; 
the point c is therefore a point of the limit curve; according to 
equation (14) its abscissa is 


Vo^Gziui+c), (15> 

and the ordinate consists of two parts : the lower part corresponds: 
to the saturation pressure pi" of the steam at the temperature Ti^ 
and can therefore be taken directly from the steam table; the: 
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the integration gives the entropy P of the mixture, and if 
we designate the initial values of all the variable quantities by 
the subscript 1 (see Vol. I, p. 135, and this volume, p. 61) we 
shall get 

A(P-Pi) log.|^(^)'"'+02[r-ri (11) 

If we treat the specific heat c of the water as constant on the 
■average, which is permissible within comparatively narrow limits 
of temperature, and if we remember the significance of t, p. 59, 
w'e get 

1 

= (cA +C(?2) log«|^+G!i^Pl loge^+G2[f J 

These equations can also be brought into different forms, but 
it will be best to undertake the corresponding transformations 
when treating particular problems. 


§ 41. ISOTHERMAL CHANGES OF STATE OF THE 
MIXTURE OF AIR AND WET STEAM. 

Here the temperature T, at every instant of the change of 
state, is equal to the initial temperature Ti and therefore the 
pressure p" of the steam present is constant; hence p" =pi", 
u=ui, etc. 

On the other hand the pressure of the air is found from equa- 
tion (2) by means of 

Vf=B,GiTi=Vipi', (12) 

and therefore the whole pressure of the mixture is 


p = 


GiBiTt 


V 


+Pi"- 




+Pi 


(13) 


If in Fig. 31a we lay off the volume V as abscissa and the 
pressure p=p"+p' as ordinate, we get, for the course of the 
isothermal, an equilateral hyperbola; one of its 


322 TECHNICAL THERMODYNAMICS. 

The sum of equations (4) and (5) then gives for the whole 


mixture the heat converted into work : 

. . ( 6 ) 

On the other hand the change of inner work, measured in units 
of heat, becomes, for the air (Vol. I, p. 132), 

AdV'=cj3idT, (7) 

where c„ is the specific heat of the air at constant volume 
(c„ =0.1685). Furthermore, for the wet steam (p. 54) we have 

AdU" =OoXdq+d{xp)] (8) 


By adding equations (7) and (8) we get the change dU o1 the 
inner work for the whole mixture: 

AdU —Gic^dT ■^G2{dq+d{xp)\ .... (9) 

an expression that can be integrated. 

Again, if we add equations (6) and (9) and at the same time 
make use of the relation AB =c,(«:— 1) (Vol. I, p. 123), we get the 
heat quantity dQ, which must be supplied to the whole mixture 
for this change of state: 

<fQ=r,Gi[dT + («-l)r^]+G2[d2+!rd(^)]. . (10) 

The first term of the right member is the quantity of heat 
demanded by the air present (see Vol. I, p. 134, equation .53ci); 
the second term gives the quantity of heat which is absorbed by 
the wet steam (see p. 59). Both terms can be converted into other 
forms, as shown in the references, but these forms will be omitted 
here; we repeat, however, that the preceding formulas are valid only 
so long as X <1 during the changes of condition; if the calculations 
for the final condition lead to a value x>l, then this must be 
taken as a sign that the water originally present has disappeared 
and that the steam has passed into the superheated condition; a 
case which will be discussed later on. If we divide both members 
of equation (10) by A T we get an expression that can be integrated ; 
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order that we may leave out of the calculations that quantity 
of air which is absorbed by the water. 

Let us now imagine the space V to contain Gi kg. [lb.] of air- 
and G 2 kg. [lb.] of water and steam; let us suppose that the com- 
mon temperature is T, the pressure of the air p' and that of steam 


p", then the total pressure of the mixture is 

p =p' +p" (1) 

According to the equation of condition of air we have 

GiBiT = Fp', (2) 


where Bi represents now, and in the following, the constant 
J? =29.269 [53.349]; for the mixture of steam and water present,, 
or, as we will say for the sake of brevity, for the wet steam, the 
relation 

(?2(TO+a)=7 (3) 

obtains, where x represents the steam quality; we will also assume 
that space V contains G 2 X kg. [lb.] of steam and G 2 (l—x) kg. 
[lb.] of water; the value of u corresponds to the temperature t 
or to the pressure p'^ 

For an infinitesimal change of state the heat quantity 
converted into work, in the case of the air, becomes- 

AdL'=Ap'dF=GiA5iT^, (4) 

when we consider equations (2) and (3), and for the wet steam 
it becomes 

AdU' ^G2Af'dixu), 

or 

AdU' =Gi j^d(Ap"t^a:) — 

If we here substitute Ap^'u=r—p and utilize in the second 
term Clapeyron^s equation (p. 29), we get, after simple 
transformation, 


AdL" =^G2[Td[^) -dixpi^ 


(5> 


D. ON THE BEHAVIOR OF MIXTURES. 


a) Mixtures of Atmospheric Air and Steam. 

§ 40. THE GENERAL BEHAVIOR OF THE MIXTURE OF 
AIR AND WET STEAM. 

The thermodynamic investigation of the behavior of a mix- 
ture of gas and vapor, and particularly of atmospheric air and 
vapor of water, is of great importance in meteorology, but cases 
do occur in engineering which justify a fuller discussion here of 
this sort of phenomena. The production of high-pressure air 
from low-pressure mostly takes place in compressors, with the 
injection of water. The idea has also frequently been suggested 
that steam engines should not be run by pure steam, but by a 
combination of steam and compressed air. The question is, how- 
ever, of special importance in the theory of the open, col;l-air 
engine; the vapor of water, ordinarily mixed with atmospheric 
air, has an appreciable influence on the occurrences in air engines; 
for instance the formation of snow during expansion is a serious 
evil which hitherto, in practical constructions, has only been 
partially removed and then only with sacrifices, namely, the 
reduction of the efficiency of the engine. 

In the following investigations we will only consider mixtures 
of atmospheric air with the vapor of water and will distinguish 
between two cases, according as saturated or superheated steam 
is mixed with the air; the first case always exists when water in 
the liquid condition, as well as steam, is on hand, and this case we 
will discuss first; but we will say in advance that the quantity of 
water present wiU be assumed as inconsiderable throughout, in 
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For example we get the following numerical results and include 
here the values of Cp as adduced by Linde: 

t=-100° -50° 0° +100° 

p= 1 atm. Cp =0.2389 0.2379 0.2375 0.2372 

c, =0.1685 0.1682 0.1681 0.1680 

p= 5 “ Cp=0.2468 0.2415 0.2394 0.2379 

“ c, =0.1713 . 0.1694 0.1687 0.1685 
p=10 “ Cp=0.2579 0.2462 0.2419 0.2389 

c„ =0.1757 0.1711 0.1696 0.1687 


For technical investigations there results the remarkable out- 
come that with moderate pressures and from 0° [32°] up to the 
highest temperatures the specific heat c*, under constant volume 
can be regarded as nearly constant. 

In this case we can determine the quantity p from the equation 
■pv =BT and substitute it in the second term of the right member 
of equation (22) which represents the supplementary term R; we 
then get 


pv=BT- 


BC 

Tv’ 


a form of the equation which was proposed by E. a n k i n e for 
superheated steam (see p. 228) and one which is also obtained if we 
assume a =0 and ^=0 in the first equation of condition given by 
Clausius (p. 215). 

From the preceding equations it seems likely that with closer 
observations of the I. inde machine it may be possible to 
derive, for atmospheric air, the more exact form of the equation 
of condition. 
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also by K i r c h h o f f Here Clausius assumes beforehand 
that Cp is constant, and Kirchhoff assumes only insignificant 
changes for Cp. 

For dry saturated air of 1 atmosphere pressure and of the cor- 
responding temperature t = — 191° [-311.8°] this equation gives the 
specific volume v =0.2226 cbm. [3.5658 cu. ft.], almost the same as 
before. For the critical point, p*, =39 atmospheres and = — 140° 
[—220°], the formula gives the critical volume % =0.0059 cbm. 
[0.094511 cu. ft.],, which, to be sure, is to be regarded as a first 
approximation. 

Assuming, as Kirchhoff did, that equation (22) is still 
serviceable for slight variations of Cp, we can add a further remark 
Differentiation gives 


(-) ■■ 
\dv/ p 


B 


B TV 


and 



T 

(. 2C p\- 

V\}- + B TV 


Now according to equation (II5), Vol. I, p. 143, we have 


hence follows 



=AT, 


Cp“—C^ 



If we substitute ^ =/?, we get 

Cp - Ce =Ai5 (l -1-^) , (23) 

where, when p is measured in atmospheres, we must take ^ =47027 
and B =29.303. As Linde has given Cp for different values 
of p and T, we can calculate from this formula the specific heat c 
at constant volume for every individual case. 

‘Kirchhoff, “ Vorlesungen fiber mathematische Phyeik. Theorie der 
"Warme.*^ Leipsig, lc&4. 
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Because for i=0 and p = l atmosphere, we have according to 
Vol. I, p. 103, the relation pv =29.269 T [53.349], we find for the 
constant B of equation (20) 

B =29.303 [53.411]. 


The equation has of course a limited validity like the formula 
(3a) of W. Thomson and Joule, and should be available 
only for low temperatures and for comparatively small pressures. 

For dry saturated air of p=l atmosphere pressure and for 
t= —191° [ — 311.8°] or T =82° [147.6°], equation (20) gives, with 
probably sufficient accuracy, the specific volume of the air as 
r =0.222 cbm. [3.5562 cu. ft.]. 

On the other hand at the critical -point, for which we found 
(p. 312) 3ap=T^, we get a negative value for the critical volume 
Tft, 'a proof that at the temperature ;*= — 140° [—220°] and ^*=39 
atmospheres the formula is already useless. 

But if we substitute in equations (18a) and (19) the value given 
by W. Thomson and Joule for 5, according to equation 
(3a), there follows 


^~‘6A 


( 21 ) 


and when we use the notation 


ft 


we get for the equation of condition 

pv=BT-C^2’ ( 22 ) 

where p must be expressed in kg. per sq. m. [lb. *per sq. ft.]; then 

B =29.303 and (7=66.681 
[B =53.411 and 0=3460.83]. 

This equation has already been given by Clausius^ and 


Clausius, “ Die mechanische Warnietheorie.” Brunswick, 1887, Vol. 
1 3d Edition, p. 236. 
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hence 


and by integration 




E_ 

T 



Sap 

fs 


+K, 


where K signifies an integration constant which, for the present, 
is to be regarded as a function of p. But now we may assume 
that infinitely rarefied air, when p approaches zero, behaves like 
a perfect gas so that we. may take B =0; it follows therefore that 


^ = - 33 +^' 


and with this we get 


•K £po/i _ ^|i 

T^SA^^ SI 


or 


E=^T-'^T=^-3ap]. 


( 18 ) 


According to equation (8a), p. 312, the bracketed quantity is 
only an expression for the fall of pressure in the experiments of 
W. Thomson and Joule. 

We can therefore write 

(18a) 


and from this follows for the equation of condition of atmospheric 
air 


'pv=^BT-^d 


(19) 


If, for the present, we substitute here for 8 the bracketed quantity 
of equation (18) there will follow the equation of condition for air : 



an equation which Planck has also developed. 
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We can now pass to the utilization of the efflux experinaents 
of W. Thomson and Joule. 

From equation (2), p. 306, there follows 


or 


U 2 -U 1 +'P2V2-piVl = 0 , 


dU+d(pv)=0, 
AdU +Apdv +Avdp —0. 


The first two terms represent dQ and hence we get from equation 


a _ 

^^dp ~ p dt\T/ p 


(17) 


as a perfectly general, final result. 

To the difference of pressure dp corresponds therefore a fall 
of temperature dt; for a perfect gas (for R —0) the temperature be- 
fore and after the efflux has the same value. 

If the form of the function R were known the preceding formula 
would enable us to test the statement of W . Thomson and 
Joule; conversely we will here assume their statement in order 
to determine the form of the function R. 

If we use equation (3o) in the form ^ = ^ the preceding 
equation, we get 

— ^ d / 3«p \ 

dt\T/ p~~AT* ~9A dt\W / p' 

If, for simplicity, we temporarily take 


Zap 


then, according to L i n d e,i the specific heat (equation 9) is 

Cj>=Cp»(l-a:)~*, 

^ Starting from the above equations (10) and (11), Planck, in hin ‘Wor- 
lesungen iiber Thermodynamik,” Leipsic, 1897, p. 117, derives for the specific 
heat Cp of the air a formula which is in complete agreement with Linde's 
equation. 
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and as this is a complete differential we have 
dp\AT^ 


or 


\ 

jt dt\dt/p^ 

” 

Now let the equation of condition be written in the form 

pv==BT-R, ....... /I . 

which is valid for all bodies in which S is a constant factor u* 
R must be regarded as a function of p and t. 

From the differentiation of equation (12) with p taken a.*- 
constant we then get 

(l)r^[-(f).] 


also 


( 


dt^/p 


(I- 


P\df/p’ 

and hence there follows from equation (11) 

\dp/t~ p \dfi/p 

Since R =0 for a perfect gas we must conclude from this equal k 
that for this gas the specific heat Cp is independent of p and mii ^ 
therefore be a function of the temperature only, a conclusion whi* 
we reached in Vol. I, p. 145. Furthermore, if we use equal if j 
( 13) for the transformation of equation (10) there follows 

and if we here substitute BT from equation (12) we get 
dQ=Cpdt-Avdp-^A^R-T(^j 


or 
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pressure 59 *;= 30 atmospheres we find from equation (9), by means 
of the formula 

Tk=Sapk, 

that 7*;= 134° [241.2°] and hence the critical temperature is 
139° [—218.2°], while on p. 205 it was stated that the ex- 
periments ga-ve ifc=— 140° [—220°]. 


§ 39. EXTENDED EQUATION OF CONDITION FOR 
ATMOSPHERIC AIR. 

The perfectly general heat equations (Vol. I, p. 143) are valid 
under the supposition that the pressure p and the volume v are 
the independent variables; on the other hand if, to simplify the 
formulas, we take the pressure p and the temperature t 

as independent variables, we must substitute the value 1 : 
in place of , for in the first case we have 


in the other case 




If p is constant so that dp=0, the comparison will furnish the 
expressed relation. 

Accordingly there follows from the third of the three identical 
equations (III&), Vol. I, p. 143, 


dQ=Cpdt~AT(^^ dp. 
From this there follows for the entropy P 


( 10 ) 
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and this is the general form of the equation as established 
by Linde; it involves no assumption whatever with respect 
to the law of temperature variation d. 

Now if, in pursuing the problem further, we assume the expres- 
sion of W. Thomson and Joule as a basis we get, for an 
infinitesimal difference of pressure and replacing 5 by dT, according 
to equation (3a), 

T^T =(xdp, 

and from this follows, by integration, if we temporarily designate 
the temperature after efflux by To, 

T3-To3=3a?); 

hence the fall of pressure is 

^ = r-To = r-(T3-3ap)*, ..... (8a) 

and with this we get 

dt T3 / ’ 

and thus we get from equation (8) for the specific heat Cp of air 
under constant pressure 

/_ 3ap\~^ 

Cp— j’s j (9) 

For the factor Cp„ Linde assumes, according to Witkowski, 
the value Cp„ =0.237, which is valid for p=0; we have assumed 
that a =20570 [119771] when p is measured in atmospheres. In 
Vol. I, p. 150, there has already been calculated, from the pre- 
ceding formula, the specific heat Cp for a series of pressure and 
temperature values. 

If at p =1 atmosphere the air is just dry saturated, then because 
the corresponding temperature is shown by experiments to be 
t=-191° [-311.8°] or T=82° [147.6°] (see p. 205), we find for 
this point Cp =0.2431. 

At the critical point Cp = oo must obtain; because here the 
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weight of air to again receive the heat quantity W the air will 
be heated to t 4 and the mean value of the specific heat will be 
Cpi,; hence there follows 


TV — ts ) — • • # • • (h) 


Evidently the temperature t 4 must be the same as that whi(di 
would obtain if the air had fallen directly (without passing through 
the counter-current apparatus) during efiiux from the pressure jn 
to the pressure p 2 with the efiiux temperature h; it follows 
therefore that 


tl ^4 


a(pi-P2) 

Ti^ 


(7) 


Subtracting this equation from equation (5) gives 
(^4 ts) {tl t2) ~(^{pi P 2 ) 

As the expression on the right hand is positive there follows 


and hence, according to equation (6), 

Cp >Cpj. 

Since Cp corresponds to the higher pressure pi it follows indubitably 
that the specific heat Cp of the air grows with the pressure. 
Equation (6) can also be written 

^ =Cpo(t4 ~i2 -Tt2—ta) =Cp(<j — < 2 )* 

If we designate, as in equation (3a), the fall of temperature 
itz—h) during efflux, by 8, we get, on passing to the differential, 

Cp„{dt—d8) =Cpdt, 


or 


Cp-Cp,{l-^J, 


( 8 ) 
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directly effected the separation of the two constituents in the 
gaseous form and has thus developed a mechanical method of 
obtaining oxygen; in the machine itself the liquefied air has 
the same composition as the external atmospheric air. In the 
article just quoted Linde also shows that a mixture of liquid 
air with pulverized coal will produce a very effective explosive. 
At this time we cannot foresee the great consequences which will 
result from the applications of liquid air in chemical and scientific 
investigations and particularly in the application to chemical 
industries. Interesting suggestions in this direction have already 
been given by W. H e m p e 1.^ 

A fuller consideration of the occurrences in his machine has 
already led L i n d e ^ to the important law of the invariability 
of the specific heat Cp of air under constant pressure to which 
reference has already been made in Vol. I, p. 150. In the counter- 
current apparatus (Fig. 30) the air current flowing down the 
delivery pipe A is cooled under the constant pressure pi from 
ti to tz. The heat quantity W, which in so doing is withdrawn 
from the unit of heat, is 


W=Cp{ti-t2), 


. (4) 


where Cp represents a mean value of the specific heat. During 
the entrance into the collecting vessel D the air is cooled still 
further down to h, and indeed according to W. Thomson 
and Joule's equation (3a) there obtains the relation 


tz — tz 


a(pi-p2) 

Ti 


■ ( 6 ) 


The air now flows upward in the suction pipe J5 of the counter- 
current apparatus under the constant pressure pz and with the 
initial temperature tz. If, in so doing, we suppose the unit of 


'Walther Hempel, “Uber Prozesse bei welchen die von Linde 
erfundene Maschine zur Erzeugung flussiger Luft Anwendung finden kann." 
Cbemische Industrie, Year 1899, No. 1. 

^ L i n d e, “Uber die Veranderlichkeit der spezifiscben W&rme des Gases.’^ 
Sitzungsberichte der mathem.-phys. ICIasse der kftnigl. bayer. Akademie der 
Wissenschaften, 1897, Vol. XXVII, No. 3. 
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stitutes a counter-current apparatus; in the inner pipe A the air, 
compressed up to pi, possesses the initial temperature ti and 
flows down to a regulating valve r, through which it enters the 
collecting vessel D in which the pressure p 2 prevails; from here on 
the air is led upward through the point B and sucked back to the 
compressor. The fall of temperature occurs when it enters the 
collecting vessel; let the temperature there, at a given instant, ,be 
is ; with this initial temperature the air rises upwards in the pipe 
B and cools the air flowing down the delivery pipe A from it to 
is; it reaches the upper part of the flow with the temperature is, 
which is nearly the same as that of the initial temperature ii. 
While these temperature values remain nearly unchanged during 
the continuous circulation of the air, the values is and fe sink con- 
tinually; the latter value sinks more rapidly than the former, till, 
finally, is falls below the value of the critical temperature and lique- 
faction of the air begins in the collecting vessel D and continues 
from now on. The procedure up to the beginning of the normal 
and permanent condition, in which the temperatures bs and 63 
remain unchanged, we designated before as the starting up. 

The liquid air can then be conducted through the discharge 
pipe 6 to a vessel outside. 

The portion of the piping lying within the casting G, the 
counter-current apparatus, in reality consists of two telescoped 
pipes, 100 m. [328 ft.] long and 10 and 4 cm. [3.9937 and 0.1575 in.] 
in diameter, which are wound spirally; the whole is carefully 
protected against inward radiation. 

The liquid air, led to the outer vessel, has a light blue color and 
evaporates under the external atmospheric pressure and is thus 
cooled still more. In so doing, the nitrogen evaporates first and 
there is thus gradually formed a mixture even richer in oxygen. 
In recent observations Linde has shown how the mixture 
ratio of nitrogen and oxygen in liquid air gradually varies, ^ during 
evaporation under constant atmospheric pressure; moreover, by 
an appropriate change in the arrangement of his machine, he has 

‘Linde, “Uber VorgSlnge bei Verbrennung in fliissiger Luft.” Sitzungs- 
berichte der mathem.-phys. Klasse der kSnigl. bayer. Akademie der Wissen- 
scbaften, 1899, Vol. XXIX, Book 1. 
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one. Fig. 30 is a schematic representation of Linde’s 
machine. 1 

The compressor C draws the air through the suction pipe BBB 
under the pressure p 2 , compresses it to the pressure pi toward 
the high-pressure pipe AAA, and in so doing passes it through a 
cooler K, and brings it to the temperature ti, the heat of com- 
pression being withdrawn. The air in this system of pipes there- 
fore describes a complete circuit; there is a second compressor 



at a for the maintenance of the pressures pi and pz during the 
starting of the machine and during liquefaction, and thus suitable 
quantities of air are introduced into the circuit. In the experi- 
mental machine the pressure pi in the delivery pipe amounts 
to 65 atmospheres, and that in the suction pipe to pz =22 atmos- 
pheres. The part of the pipe system within the casing GG con- 

^ Linde, ‘^Erzielung niedrigster Temperaturen. Gasverflussigung/^ 
Annalen der Physik und Chemie, 1896, Vol. 57, p. 328. 
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■experiments have been mentioned in Vol. I, p. 236. These ex- 
periments with atmospheric air gave, for the cool- 
ing or lowering of temperature d during the transfer just discussed, 
the relation 

/07q\ 2 

o"=0.276(pi-P2)(^) (3) 

[5=0.496(pi-P2)(^)']. 

Here the pressure difference (pi — pa) is to be taken in atmospheres, 
and T denotes the absolute temperature of the air at the entrance 
to the orifice. Designating the pressure difference by 'p, the 
formula may also be written 

(3a) 

where we must substitute a =20570 [119771]. 

For example, for t=10° C. [50° F.] equation (8a) gives 
5 =0.257 p, and hence for p=l, 10 or 40 atmospheres, we get, 
respectively, 

5=0.257°, 2.57°, 10.28° 

[5=0.4626, 4.626, 18.504] 

Although the above formula is an empirical one, still 
Linde concludes from observations on his machine that it is 
confirmed even within wider limits, and that it is particularly con- 
firmed as to the dependence of the cooling 5 on temperature T at 
the entrance into the orifice. There is also agreement as regards 
the pressure difference p up to p =50 atmospheres, and it is not 
until p>50 that the proportionality between 5 and p ceases to 
exist. 

Now, according to the foregoing, a single efflux, even with a 
great difference of pressure, will effect a relatively small lowering 
of temperature; consequently Linde combines the action of 
any number of effluxes in such a way that each preceding one 
serves to effect a preliminary cooling of the gas for the succeeding 
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therefore for the present case we also have fiVi = 7 ) 2 ^ 2 , and on 
account of the equation of condition of a perfect gas pv==BT it 
also follows that Ti=T 2 , as was concluded from the older ex- 
periments of J 0 u 1 e . 

The circumstances are similar when a gas is allowed to pass 
through a throttle valve from a vessel in which there is a constant 
pressure pi into a second vessel in which the pressure is main- 
tained at the constant height pz- Here the work piVi is pro- 
duced in the first vessel and the work P 2 V 2 is consumed in the 
second vessel; the relation 

U2 = Ui+piVi-p2V2 ( 2 ) 

therefore obtains, and if we now utilize the preceding equation ( 1 ) 
there also follows p 2 V 2 =piOi, so that T 2 =Ti] accordingly for 
the transfer under the assumed conditions, throttling under 
constant pressure, no change of temperature will 
occur. 

This analytical result is, however, entirely due to the cir- 
cumstance that the equation of condition, in the form pv—BT, 
is assumed as permissible; this was regarded as sufficiently exact 
for technical purposes, when investigating the behavior of gases 
in Vol. I. But in certain investigations this assumption is not 
permissible and equation ( 1 ), for the energy U of the gases, can 
also be regarded merely as an approximation. 

In § 37, p. 293, it has been shown that when superheated steam 
flows under constant pressure from a discharging vessel into a re- 
ceiving vessel, also at constant pressure, a fall of tempera- 
ture occurs; such a fall is also to be expected with gases, but 
here it will be so slight in the ordinarily occurring cases that its 
presence may be neglected. 

It is highly interesting to note that Linde, in his machine, 
utilized the slight temperature fall occurring here, in order to 
obtain the lowest temperatures. 

Linde, in his reflections on this matter, started from the 
results obtained byW. Thomson and J o u 1 c , ^ whose 

'•W. Thomson and Joule, Philos. Transactions of the Koyal 
■Society of London, 1862, p. 679. 
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by stages, the lowest temperature. In the manner described im- 
portant results were obtained. Now although Dewar effected 
some simplification in the experimental arrangement, never- 
theless it is at once evident that the method discussed is, on 
account of its circumstantial and costly character, entirely un- 
available for technical and industrial purposes. These demand 
the continuous production of larger masses of liquid air, and that 
the condition be observed that liquefaction take place in a purely 
mechanical way, by the performance of work without the employ- 
ment and cooperation of other kinds of vapors. 

Such a method of liquefaction of air does exist in a machine 
which Linde (toward the end of May 1895) exhibited in 
action to a circle of physicists, chemists, and technical men at 
the experimental laboratory of the company producing Linde’s 
ice machines in Munich. 

Here we have an example of the rarely occurring case of a. 
machine completely thought out from the beginning, resulting 
from purely scientific, physical investigations, and offered to the 
technical world. 

In a very clever manner Linde, the most prominent 
promoter of the refrigerating industry of to-day, utilized an 
observation, known for some time to physicists, which had thus 
far only given rise to a few theoretical investigations. Mention 
has already been made (Vol. I, p. 167 of this book) of an earlier 
observation of Joule’s, namely, that highly compressed air 
enclosed in a vessel experiences no change of temperature when 
it expands from the first vessel into a second vessel out of which 
the air has been pumped, p ovided the temperature is observed 
after the equalization of pressure and after the passage into a 
state of rest, and that no heat has been imparted from the out- 
side. As no outer work was performed during this change of 
state, the inner work or energy of the air at the end (f/g) was. 
identical with that at the beginning (Ui); but for a gas that obeys 
the law of Mariotte and Gay-Lussac we have, accord- 
ing to equation (52), Vol. I, p. 132, 


U=Uo + 


JEL. 

K-V 


( 1 ). 
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if still lower temperatures can be produced then the corresponding 
saturation pressure is also lower, for example at the boiling-point 
of air, io = “191° [—311.8°], liquefaction can take place even with 
atmospheric pressure. 

The knowledge of these conditions is quite recent; it was 
therefore a question of finding ways and means of reducing certain 
bodies to the lowest temperatures, and then, with their help, to 
cool atmospheric air and other gases, formerly called “ permanent," 
and lead them toward liquefaction. The purpose must be to 
finally obtain gas in the form of a liquid body. The one method 
of liquefaction was gradually developed by Cailletet, 
Olszewski and Dewar, and was employed by the latter 
with complete success.* 

In the carbonic acid (cold-vapor) engines liquid car- 
bonic acid is obtained by compression and cooling; it can 
then be made to evaporate at a lower pressure by drawing off with 
a pump the vapors developed and then again condensing them. 
During this evaporation a great cooling of the carbonic acid takes 
place and the corresponding cold vapor of carbonic acid "can be 
led by a pipe to the pump which is surrounded by a second pipe, 
through which compressed vapor of ethylene is forced 
in the opposite direction, this vapor being now condensed at lower 
temperature. 

The liquid ethylene is next evaporated in the same manner 
as the carbonic acid, and now the far colder ethylene vapor 
is led by a pipe to the corresponding pump which is also en- 
closed by a second pipe, through which compressed oxygen vapor 
is forced in the opposite direction, the latter being brought to 
liquefaction. 

By a reevaporation of the liquid oxygen in the same way as 
was just described with carbonic acid and ethylene we now reach 
the lowest temperature useful here. 

Here we have to do with the combination of three 
different cold-vapor engines and by their means we reach, 

^ See Lindens detailed presentation: “Maschine zur Erzielung niedrig- 
ster Temperaturen, zur Gasverflussigung und zur mechanischen Treimung von 
Gasgemischen.” Bayer, Industrie- und Gewerbeblatt, 1896, p. 361. 
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§ 38. LINDE’S MACHINE FOR THE LIQUEFACTION OF 

AIR. 

If the changes of state of a vapor, indicated by change of 
pressure and volume, occur within the area bounded by the limit 
curve (Fig. 22, p. 203), then partial liquefaction will take place. 
We can conceive of another sort of a limit curve being drawn, 
however, in which the specific volume is again the abscissa, but 
the ordinate is the saturation temperature instead of the pressure; 
here the same proposition holds and the curve has a similar 
course; but here the maximum ordinate is represented by the 
critical temperature. For all vapors for which tables have been 
calculated in the Appendix the limit curve can be represented 
graphically in one way or the other (so far as R e g n a u 1 1 ’ s 
observations extend) ; for the other series of vapors, and to these 
belong those formerly designated as gases, there is still almost 
a complete lack of data for the graphical presentation of the limit 
curve under consideration; that they will have a course similar 
to those of the discussed vapor is indubitable; but at least we 
know the value of the maximum ordinate for all gases and vapors, 
i.e., know the critical temperature (see table on p. 207). We 
can now say that with a vapor we get into the realm of lique- 
faction as soon as we deal with temperature values lying below 
the critical temperature. 

For example, according to Olszewski the critical tem- 
perature of atmospheric air is -140° C. [-220° F.] and therefore 
liquefaction is not to be thought of so long as it is impossible, in 
any way, to bring it below said temperature by cooling with simul- 
taneous compression. For the critical temperature no higher 
pressure is necessary for liquefaction than pj,=39 atmospheres; 

* OAO 
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that it was either dry saturated or superheated. Since the steam 
flows into the open air the pressure =10333 kg. [2116.3 lb.] 
(1 atmosphere) and the corresponding temperature of saturation is 
i2'=100° [212°]; the feed water G kg. [lb.] per second and the 
temperature t of the steam jet in the orifice of the discharge pipe 
were observed. 

Example. In an experiment with the P a u c k boiler there was sup- 
plied in 8 hours = 480 minutes 21252 kg. [46852.6 lb.] of feed water at a 
temperature of ^^ = 38.9° [73.22°] in the boiler; therefore the weight G of 
steam discharged per second was 6^ = 0.7379 kg. [1.6268 lb.]. The diameter 
of the discharge pipe was 120 mm. [4.724 in.]; hence its cross-section was 
jP= 0.01131 sq. m. [6.121742 sq. ft.]. The temperature observed in the orifice 
was ^ = 122° [251.6°]; consequently, from equation (34), the efflux velocity 
would be 

ty-114.76m. [376.512 ft.], 

and accordingly 

A— = 1.58 Cal. [2.844 B t.u.j. 

2£f 

Furthermore, because ( 7 (,= 39.10 [70.38], we get from equation (32a) 
Q=649.15 [1168.47 B.t.u.] 

per kg. [lb.] of steam, or the heat quantity entering the boiler per second 
must be 

Ga=479.01 Cal. [1897 B.t.u.]. 

After the spreading of the steam jet outside of the orifice, the tempera- 
ture according to equation (33) will be found to be 125.29° [257..522°], 
provided the external atmospheric air has not exerted a gradually cooling 
action on the steam; but for the purpose in view this fiuestion needs no 
further consideration in the experimental method discuased. 

Moreover in the experiment the pressure in the steam boiler was p, -3.66 
atmospheres, which corresponds to the temperature t/ = 140.71° [285.278°] • 
if this steam is reduced to the pressure of one atmosphere, in the way shown 
in Fig. 29, and becomes dry saturated, then according to equation (29) the 
temperature at the end of the spreading will be 4 - 126.1 1° [258.998°] a 
value closely agreeing with that found above. We can conclude from this 
that the steam was nearly dry in the experimental boiler, and also that the 
temperature < of the steam jet in the orifice can be measured with sufficient 
accuracy for the present purpose by an ordinary thermometer; it is only 
necessary to employ a sufficiently large discharge pipe. The experimental 
method considered of course becomes useless when the discharging steam 
is wet at the orifice. 
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and it is this heat quantity which is expended in heating the 
steam from t to <2 at constant pressure p 2 while the jet spreads 
itself in the receiving vessel B. There follows the relation 

A'^=Cp{t2-t), (33) 

and if we substitute the value ^ 2 , derived from this equation^ in 
equation (32), we get 

Q = (606.5 -f 0.305 ^ 2 ^ — 50 ) ’ (dScs-) 

Q =1091.7 H-0.305(i!2' -32) -qo+Cp(t-t2') +^^J- 

If G kg. [lb.] of water are evaporated per second in the steam 
boiler we have 

Gv =Fw 
or 

Gp2V =Fp2W, 

or, utilizing the equation of condition for superheated steam, 

Fp2W=G(BT-Cp»), (34) 

from which equation the efflux velocity w can be calculated whose 
value may then be utilized in equation (32a). 

The preceding development explains the experimental mctliod 
employed by Lewicki’- to determine the heat quantity con- 
sumed by a steam boiler to generate one kg. [lb.] of steam, — or, as 
the weight G of the feed water per second was observed, to deter- 
mine the heat quantity actually introduced per second into the 
boiler. 

L e w i c k i did not let the generated steam go to the engine 
but, after throttling it, allowed it to flow through a pipe S m. 
[26.24 ft.] long and 120 mm. [4.72 in.] in diameter directly into 
the open air. In so doing care was taken to make sure that there 
was atmospheric pressure at the orifice and that the steam jet was 
perfectly transparent from the orifice for a long distance, a proof 

iLewicki, ^^Untersuchung eines Pauckechen Flammrohrkessels.” Zcut- 
schrift des Vereins deutscher Ingenieure, VoL 31, 1887, p. 974. 
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Connected with, the preceding investigations there is another 
technical question to be considered. 

After the superheated steam has spread in cylinder B (Fig. 29) 
we get for the steam heat (or the heat contents per unit of weight 
of steam) as compared with a kg. [lb.] of water at 0° [32°] the rela- 
tion 

J 2 =J 0 ■+ 

K X 

and as this steam during admission to the cylinder must perform 
the work p 202 > we get for the total heat 

K 

X=J2+Ap2V2=J +^3|4p2V2. 

If t 2 ' is the temperature of the steam possessing the pressure 
P 2 in the saturated condition, we can substitute for this equation 
the equation (57d), p. 252, and can then write 

A = (606.5 +0.305 ti') +Cj,{h-k') 

[A =1091.7 +0.305(42' -32) +Cp(42 -42')]. 

If we suppose the place of cylinder A (Fig. 29) to be taken by a 
steam boiler in which there is generated steam at constant pres- 
sure pi, and if we designate the feed-water temj)eraturc by 4o and 
the corresponding heat of the liquid by qa (which in ordinary 
cases can be replaced by to with sufficient accuracy), we find for 
the heat quantity Q which enters the boiler to generate one 
kg. [lb.] of steam 

Q = (606.5 +0.305 42' - go) +Cp(42- 42') .... (32) 
[Q =1091.7 +0.305(42' -32) -go +Cp(42 - 1/)]- 

Now let the cross-section of the pipe D (Fig. 29), where it 
enters the cyUnder B, be designated by F, let the temperature and 
the specific volume of the following steam at this place be 4 and 
V, and let w be the velocity of flow; the quantity of heat which 
corresponds to the unit of weight of steam must then be 


THE FLOW OP STEAM FROM ONE VESSEL TO ANOTHER. 290 


while for the superheated steam in the receiving vessel wc^ iniist, 
substitute 



we therefore obtain from equation (27) 

Ak 

( 1 =^ 3 Y(Pi®i -7)22^2), 

or, if we utilize the equation of condition of superheated steam and 
at the same time substitute 

A. K Cp 

we get 

(l-a:i)pi=Cp[ii-«2-^(pi'*-p2”)]. • . - (31) 

The solution is now contained in. this equation; for i.e.^ 

when the boiler is dry or superheated, it again leads to (ujuatjon 

(29) ; on the other hand if Xi is so small that the steam is still 
wet after spreading outside, then the equation gives a value foi’ the 
temperature t 2 which is smaller than the temperature whiedx 
corresponds to the pressure in the saturated condition, a sign 
that the equation in this case loses its significance and that eciuation 

(30) is the one to be employed. 

Example. Let the boiler steam again have the pressure of p, 10 
atmospheres, and let the steam quality amount to a;i«0.96, so that the 
steam, by weight, carries 4% of water; moreover if, as in the pro(!(*<ling 
example and in the example on p. 298, the outside pressure after throttling 
is 0 n e atmosphere, then we get from equation (31) with the help of Table 
11 of the Appendix and the tabulation on p. 238, because 
/?i-432.775, 180.31*^, Ca,-0.4805 

[pi* 778,995, ^1- 356.56], 
and 

-pA) “ 29.658 [ = 53 . 384 ], ; 

the temperature in the receiving vessel becomes 

114.62° [238.316°]; 
so that the steam is superheated 14.62° [26.316°], 
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If, when using equation (30), 0:2 = 1 results, this is a sign that the 
steam, after its spreading in the receiving vessel, is just dry satu- 
rated; from equation (30) we can then determine the corresponding 
steam quality Xi in the steam boiler. 

Example. Let the boiler steam have a pressure of pj = 10 atmos- 
pheres, and let it be throttled in such a way that it will show only a pressure 
of P 2 = 1 atmosphere in the receiving vessel. 

Here, according to Table 11 of the Appendix, 

= 182.719, ^2 = 100.500, 478.776, = 536.500 

[^1 = 328.894, ^2 = 180.900, ri=861.797, r2-965.7], 

and besides we find 

Aoip^ -P 2 ) = 0.219 [0.3942]. 

From equation (30) then follows 

X 2 — 0.1536 + 0.8924 Xi. 

Therefore if the boiler steam has a:, = 0.90, i.e., contains 10% of water, we 
get for the final steam quality in the receiving vessel 0^2 — 0.9568 and hence 
only 4 t%% moisture. 

On the other hand if the steam in the receiving vessel is to be just 
dry saturated at the end so that 0 : 2 == 1 , we will have the corresponding 
steam quality 2 ;i = 0.9484. 

Finally if the boiler steam is dry saturated so that Xi^l, the preceding 
formula gives 0:3 =1.046, which is impossible and is a proof that the steam 
is superheated at the end; in this case equation (30) loses its validity and 
equation (29) takes its place; superheating occurs in the present case when 
the quality of the boiler steam lies between 0.9484 and 1. 

If the steam in the boiler is wet, as indicated at the end of the 
preceding example, but superheated after spreading in the receiv- 
ing vessel, then the occurrence can be judged neither by equation 
(29) nor (30), but equation (27) can be transformed for this case. 
We must substitute for the boiler steam 

but we have in general 

^ Avv 
J=q -bp=Jo +*^ 3 ^, 

and therefore, for the boiler steam, the steam heat becomes 
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pipe. It is very desirable that similar experiments should be 
repeated, and perhaps also with other kinds of vapor. 

If, in place of steam, atmospheric air or another gas were 
throttled in the manner described and then discharged, we should 
have to substitute C=0 in equation (29); we should then get 
is and hence the air, after its spreading in the receiving vessel, 
must show nearly the same temperature as that which it possessed 
in the discharging vessel itself. Joule’s experiments have 
sufficiently confirmed this statement. 

Let us now treat the same problem with Fig. 29 as a basis and 
under the assumption that the steam in the discharging vessel is 
wet and possesses the steam quality xi ; we will also assume that, 
after the spreading in the receiving vessel, liquid is present with the 
steam and that the steam quality there is X 2 . 

Here we must substitute in the fundamental equation (27) 
p. 294, 

And <1^2 — 22 +2;2/£>2) 

also 

Vi =XiUi +(T and Vz —x^Uz 

we then get 

Xzrz’=qi~q‘i+Xiri+Aa{pi-'Pz), .... (30) 

and from this we can compute xz when Xy is known and the pressure 
at the beginning and end is given. 

From this we always obtain the inequality xz<xi, i.e., 
throttling always involves evaporation pro- 
vided the assumption made is realized, namely, that during the 
transfer no heat is supplied to the steam from the outside, and 
also that no cooling takes place. The latter supposition is not 
fulfilled in steam engines which work with wet steam; since 
the admission pressure is always smaller than the boiler pressure, 
we have here a sort of throttling, and therefore admission should 
be attended by a partial evaporation of the accompanying water; 
in reality however it is known that just the opposite takes place, 
because the cylinder walls exert a cooling action on the entering 
steam; this circumstance will be discussed later on. 
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Boiler Steam. 


Pressure 

in 

Atmospheres. 

Temperature 

h 

(Table 11 of 
the Appendix). 

H i r n ’ s 
Experiment. 

ti 

Calculated 
from Equa- 
tion (29). 
t2 

13 

192.08° 

155.58° 

157.83° 

11 

184.50 

152.50 

153.21 

9 

175.77 

149.57 

147.87 

7 

165.34 

144.10 

141.46 

5 

152.22 

138.72 

133.34 

3 

133.91 

128.40 

1 

121.86 


In the second series of experiments Him passed the boiler 
steam, before efflux, through the superheating apparatus. 


Pressure 

Observed by Him. 

Calculated from 

in 

Temperature 

Temperature 

Equation (29) 

Atmospheres. 


U 

t2 

13 

200° 

166" 

165.75° 

13 

205 

171.5 

170.75 

13 

210 

177 

175.75 

10 

208 

183 

178.36 

10 

242 

223 

212.36 

8 

242 

229 

216.02 

. 7 

244 

233 

220.12 

6 

246 

237 

224.47 

5 

246 

238.5 

227.12 


There is a very satisfactory agreement between the results of 
calculation and of experiment at high steam pressure and com- 
paratively little superheat; greater differences appear with small 
steam pressure in the boiler. 

The differences which are particularly marked with great 
superheating are undoubtedly due to the fact that the limits 
within which our equation of condition and the assumed constants 
are valid have been nearly reached or passed; but perhaps 
H i r n ’ s experimental results are not perfectly reliable; for he 
specially calls attention to the fact (ibid., p. 392) that the tempera- 
ture t 2 observed by him in the first (inner) wooden box was prob- 
ably too great, because there the steam was for a considerable 
distance in contact with the hot surface of the metallic discharge 
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Example. If steam, dry saturated or superheated, is throttled 
from p, =10 atmospheres down to one atmosphere, imder the conditions 
discussed with Fig. 29, we get from equation (29), with the help of the 
auxiliary table on p. 238, 


H. -4 =67.764 - 38.106 =29.658° [53.384°j). 

If the steam is initially saturated, then its temperature is = 180.31° [356.56°] 
and therefore the final temperature is = 150.65° [303.17]; hence it is super- 
heated to the extent of 50.65° [91.17°]. 

Moreover there exist experiments which confirm the principle 
expressed by equation (29) . H i r n ^ allowed the steam coming 
from a boiler to flow under different boiler pressures through a, 
small efflux orifice into the open air, the steam then spreading out 
under atmospheric pressure; the pressure p 2 in a.11 experiments 
therefore amounted to one atmosphere. In order to avoid the 
cooling influence of the atmospheric air on the issuing steam jet 
during its passage into the condition of equilibrium, Him 
allowed the steam to first flow into a wooden box which was con- 
centrically surrounded by a second and larger wooden box. The 
steam then flowed, after leaving the orifice, through a wide opening 
out of the inner box into the second outer wooden box and then 
through another wide opening into the free atmosphere. The 
orifice of flow in the inner box was situated in the upper wall, and 
that of the outer box in that of the lower wall. Now by means 
of a thermometer the temperature tz of the steam in the inner box 
was observed directly, and in so doing it was incidentally found 
that its pressure p 2 was only appreciably greater than the ex- 
ternal pressure observed by the barometer. 

In experiments with saturated steam Him found the 
following values for the temperature ta, and beside these we have 
placed the values computed from equation (29); in so doing we ■ 
have only adduced those experiments which Him has char- 
acterizal as the more reliable ones (in the second edition of his . 
work, p. 179). 


^ Him, Exposition analytique et exp4rimentale de la th^orie m^canique 
de la chaleur/^ T. I. p. 290, 3d edition, Paris, 1865. 
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■work P 2 W 2 , and consequently during the transfer there has been 
generated the heat quantity and the heat quantity A‘p 2 Vi 
has disappeared. 

Furthermore if Ji is the steam heat at the beginning (of the 
unit of weight) in cylinder A, and J 2 that at the end in cylinder 
B, we e-vidently have the relation 


or 


Jl +ApiVi ~Ap2V2=J2, 


Ji+ApiVi=J2+Ap2V2, ..... (27) 


and this equation is valid whatever the constitution of the steam 
at the beginning and end may be, provided heat is neither supplied 
to, nor withdrawn from, the mass during the transfer. Now we 
assume that the steam in cylinder A, at the start, is dry satu- 
rated or superheated and is likewise so at the end of the transfer; 
then the steam heat, according to equation (56), p. 249, is 


A A 

Ji=Jo-i rpivi and / 2 =/oH pPai’a- 


By substitution in equation (27) we therefore get the simple result 

P2V2=PlVi, (28) 

in accordance with which we can calculate for given pressures the 
specific volume V 2 after the spreading in the recemng vessel. It 
follows from the assumption made that the steam is always super- 
heated at the end, even if it were dry saturated at the beginning. 
Furthermore, if Ti is the temperature at the beginning and T 2 
that at the end, we get from the equation of condition of super- 
heated vapors 

I 

P 2 V 2 ^BT 2 — Cp 2 ^ and piVi=BTi—Cpi^. 

With the help of equation (28) the difference between the two 
preceding equations gives for the corresponding fall of tempera- 
ture 

Ti - ^2 = - <2 = ^(Pi" -P2”) 


(29) 
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§ 37. THE FLOW OF STEAM FROM ONE VESSEL TO 
ANOTHER AND THE THROTTLING OF THE STEAM. 


The investigation of the flow of steam from one vessel into 
another is only of technical interest under the special hypothesis 
that the pressure in each of the two spaces is kept at constant 
height. Let us suppose the cylinder A (Fig. 29 ) to be con- 



Fig. 29. 


nected by a pipe D with a second cylinder B, both cylinders 
to be provided with moving pistons and the pipe to possess 
a valve C (throttle valve); let the steam flow from A to 
5 ; then by a suitable pushing forward of the piston the 
pressure pi of the steam cylinder A is kept at constant height, 
while in a similar manner the piston K2 in cylinder B is pushed 
back with a constant pressure p2- By a suitable load pi and p2 
on both pistons (reduced to the unit of area) and by an appropriate 
setting of the throttle valve C we can conceive a desired difference 
of pressure to be effected ; assuming a comparatively slow motion 
of. both pistons the steam will flow through the connecting pipe 
with a certain velocity, will then spread itself in the cylinder B, 
completely lose its velocity and pass again into the condition of 
equilibrium. 

If we follow the unit of weight of steam during its transfer 
from to 5 we will see that piston Kx in cylinder A traverses a 
certain space under the constant pressure pi; in like manner 
piston K2 will progress in cylinder B, overcoming the constant 
pressure p2. If the specific volume at the beginning is Vx, and 
is V2 at the end, then the unit of weight of mass has received in 
the first cylinder the work piVi and the other has given off the 
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For the same boiler pressure and for the same feed watcT 
temperature to these values are different; the smallcT this ratio 
the more favorable is the utilization of heat under considc^ratiou. 

Example. Suppose a steam engine to work with steam of - 5 

atmospheres and the boiler to be fed with water of the t(;m[)erature /„ U)® 

[104°]. Utilizing the corresponding values of Table lb and 11 of tlui A|)[)f‘ri- 
dix, we get 

-40.051, ^1-153.741, r, =-499.185 
bo ==72.092, (71-276.734, =898.535]. 

If we use the given equation of condition of steam for the calculation of 
PiV the preceding equations (26) and (25) give the following numerical 
results, if we successively assume for wet steam Xi— 0.80, 0.90, and 1, and 
for superheated steam insert t — 180® [356®] and 200® [392®] : 

Saturated Steam, 
a: - 0.80 0.90 1 

^■=14.424 14.077 13.795 

AL 

We see from this that for the same admission work the saving of hciiit is 
greater the dryer the saturated vapor and also the more the steam is 
superheated. If in addition we take into account the work of expansion 
we get a further saving with an equal expansion ratio; 
of course we here expressly consider the heat quantity which actually 
enters the boiler and the superheating apparatus ; if it were a question of 
determining the actual saving of fuel, it would be necessary also to consickir 
the conditions of the heating plant and particularly the temperature with 
which the fire gases leave. 


Superheated Steam. 

7^ 180® 200®" 

13.165 12.724 


GENERA-nON OF SUPERHEATED STEAM. 

For pxa.ctical purposes th.e use of mixed vapors is indeed lo be 
TecommeDded, but not for the reasons which have Ixhui derivctl 
from Wethered’s experiments, but s i in p I y autl 
solely because in the adjustment of the valves in the two 
branches of the steam pipes we have such a suitable and sim|ile 
means of regulating the temperature of the superheat, cid sleniii 
entering the cylinder, and for maintaining it at a constant ludglif . 

To these investigations we will now add the proof that tin; us(i 
of superheated steam in engines is advantageous with respc;ct lc> 
the work developed. 

By the addition of the two equations (22) and (24) we get the 
total heat quantity Q which must be supplied to the si, (Jam boiliT 
and to the superheater in order to generate supxirheatcid sttuiitj of 
the temperature t, no matter whether the superiioated steam is 
generated directly or by mixture, and we find that 


Q~G[qi—qo +-ri +'Cp(t— tj)]. 


The work which is produced during admission into the oylindtir 
under constant pressure pi is L=GpiV, or expressed in units of 
heat is 

AL—GApiv, 

and therefore we get by division of the equations 

Q gl ~g0 +Cp(it — O 
AL~ Apiv 

On the other hand if the engine works with wet boiler steam, 
then the heat supplied to the boiler must be 

Q=G(qi-q(,+riXi), 

and the admission work measured in units of heat is 
AL=GApi{xiUi +( t ), 

and the ratio of the two 

Q ^i-qo+riXi 

AL Apxi^t'iii H-v) 


( 26 ) 
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that superheated steam at a particular temperature and particular 
pressure, when produced under constant pressure, 
requires the same quantity of heat whether it has been generated 
directly or by mixture; we may remark incidentally that it would 
contradict the mechanical principles of heat if tlie contrary were 
maintained. Accordingly we must assume that in W e t li c r e d ’s 
experiments the same quantity of heat was supplied to the 
superheating apparatus whether the whole steam mass coining 
from the boiler or only a part of it was led through the appanitu-s, 
provided that in both cases the steam entered the cylinder at the 
same pressure and was superheated to the same temijerature. 

But the question as to the utilization of the h c at con- 
tained in the fire gases is very different in tlie two 
cases. For one and the same superheating apparatus, i.e., for the 
same heating surface, the heat transmission from the fire gase.s 
evidently depends on the steam weight passing tlirough the 
apparatus and on the degree of the superheating to b(‘ tlicre 
achieved. In the example just calcuated the w'hole stiiarn weight 
G was directly generated by passing through the sujierheater and 
was there superheated from 152.22° to 180° [305.096° to 356°]; in 
the case of mixture only 0.6529 G kg. [lb.] of steam was led into 
the superheating apparatus, and there it was sujx’rheated to 
250° [482°]; the required heat quantities were the same in t he two 
cases, but the changes of temperature experienced by the fire 
gases are evidently different and therefore the degree of heating 
and the air supplied to the grate for the mass, and consequently 
the weight of fuel, would be different in the two cases. W e t he- 
re d ’ s experiments therefore by no means furnish a proof that 
mixed vapors are to be preferred to directly generated superheated 
vapors; it is rather a purely accidental matter that in 
the steam engines with which Wethered experimented the 
heating surface of the superheater was of a size which furnished 
results in favor of mixture. With another heating surface 
the results might have been in favor of the direct generation 
of the superheated vapors. What has been said also explains the 
fact that the experiments with different engines gave such sur- 
prisingly different results. 
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[35S°]; suppose the temperature of the steam eoiniing from tlu) KUiKjrhcatcr 
^gain tobei2=250°[482°]a,nd let the steam <niii;ility be x, - O.OO, in wliieh 
ease the weight of the mass passing through tlioe superlKuiter amounts 
G, =0.5529 G. No-w if the boiler is fed with ritter of teinp(^ratur<! t -lO" 
[104°] (eondeasing engine), according to Table 3 of the Apptoicli.x we may 
substitute =40.051 [72.092], = 153.74:1 [2r’G.7:}4], and r, ■ 400. 1. St! 

[898.53,5]; we then get from ectuabion (22) the teat <iuaritity which must, 
be supplied to the boiler; 

0,=562.99r3Cal. [1013.391 R.rt.u.], 

and from equation (23) the heat quantity from tliw superheater: 

=63.27 (r Cal. [1 13.88 « K.t.m.]. 

If we substitute Gx -f-<? 2 =<r in equation »(20) wci obbiiin 


^2[(l—u:i)ri +Cp(f2— (i)] — ff[(l 

Here comparison with equation (233 slows that the: left mmn- 
ber is identical with the value of Q^', coxiaiieciuently tliere follows 
for the heat quantity which must be supplfed to the sufjerlumtcr 

g2=G[(l-ri)ri+Cp(f-Q], (24) 

in which equation, the mixture temperat iites t takos the [jlace of 
the temperature Is and the total steam weight (x takes t.ho placo 
of the weight of The ex;pre,ssioa, tlacrcfoore, gives at the sanie 
time the heat quantity which must be mmiplied to the supi-r- 
heater when the total' steam quantity is i>assHC(l tlirmigh it, unil 
is there brought to the mixture temperatuie t. 

From this follows that with re8pe:ct to the hcuit 
quantities required it is perfectly imma- 
terial whether the s u pe rhe a tec d steam for 
an engine is generated directly or by mix- 
ture. 

These results appear to contradict the resaltosof Wethcred's 
experiments mentioned above; We the re <1 fountl in all ex- 
periments that, with respect to fuel coasumiption, the uw* of 
rqixed steam was to be preferred to the direettly generated steam. 
But the matter ean be easily explained. Oui invest igationa show 
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We see from these numerical values how great an influence the water 
mixed with the boiler steam exerts on the results of the mixing, and we 
see that with particular prescribed temperatures the distribution of the 
total steam mass in the two branches of the steam pipe may be very different 
for boiler steam of different qualities. 

By suitable adjustment of the proper valves e and / (Fig. 28) in the two 
branches of the steam pipe we can easily arrange practically for the correct 
distribution of the steam. From the equation of condition we can compute 
the specific volume v of the mixed steam; for p,=5 atmospheres of pres- 
sure and f = 180° [356°] we find i;=0.3904 cbm. [6.253S cu. ft.], and hence 
the work of admission in the steam cylinder for 1 kg. pb.] of steam is 

=20170.4 mkg. [145895 ft-lb.]. 

Equation (19) would also enable us to easily find the change of volume 
due to the mixing in the three cases before us. 

Now the determination of the heat quantities which must be 
supplied to the steam boiler and to the superheater for a prescribed 
distribution of the steam is also of importance. In the first place 
suppose the steam boiler is to generate under constant pressure 
the steam weight Gxi from G kg. [lb.] of feed water of the tem- 
perature to. Then the heat quantity Qi which must be introduced 
into the boiler is 

Qi=Giqi-qo+Xir{), (22) 

and this heat quantity is the same however the steam weight may 
be distributed in the two branches of the steam pipe. 

According to the notation just used Gz kg. [lb.] of wet steam 
is led to the superheater; here, in the first place, there must be 
evaporated at constant pressure p the admixed water Gzil-Xi) 
kg. [lb.]; this requires the heat quantity G2{l-Xi)ri; then the 
steam weight Gz must be superheated under constant pressure 
from the temperature ti to the temperature tz and this requires 
the heat quantity CpGz{tz-h). Consequently the whole heat 
quantity Qz which must be supplied to the superheater is 

Q2=t?2[(l -1-Cp(i2 — fi)] (23) 

Example. As in the preceding example, suppose the steam pressure 
to be 5 atmospheres and the temperature of the mixture to be i = 180° 
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of the saturated steam of the steam quality Xi, and also the weight 
<J 2 "which passes through the superheater to the place of mi.x:ing. 

If the directly conducted steam is dry saturated or likewise 
supei’heated we have Xi = l, and therefore, according to equation 
(20), the mixing temperature becomes 


Glti +(?2t2 

(?1 +<3*2 


(20a) 


We therefore very correctly obtain the formula which is used 
in Physics when there is to be determined the temperature of the 
mixture of two quantities of fluid of the same kind but of different 
temperatures, provided the mixture takes place under constant 
pressure. 

If we designate the total generated steam weight Gi +(?2 by G 
and substitute G^^G—Gy in equation (20) we get 


Gy 

G 


t2 — t 


h — ty +~(1 

Lp 


and 


G G' 


. . ( 21 ) 


Accordingly we can compute how the total steam must be dis- 
tributed in the two branch pipes aa and bb (Fig. 28) in order to 
obtain a prescribed temperature of the mixture. 

Example. A steam engine works with mixed vapors of pi =*5 
atmospheres pressure; the temperature in the boiler is therefore —152.22° 
[305.996°]; let the part of the steam passing through the superheater be 
superheated to 4 “=*250° [482°], and suppose that the mixed steam when it 
enters the steam cylinder has the temperature if ==180° [356°]. 

Here Cp *0.4805 and, according to Table 11 of the Appendix, 

+Ap^u, *499.186 [898.535]. 

First let us assume that the steam is dry, then that it contains 10 per cent 
of water, and finally that it contains 20 per cent of water, then we calculate 


from equation (21) for 


Xi^l 

0.90 

0.80 

1 -0.7159, 

0.3471, 

0.2291 (directly) 

1-0.2841, 

0.6529, 

0.7709 (led through the superheater). 
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This expression for the vapor of water always leads to a 
negative value whenever a part of the mixing steam is' wet, 
i.e., whenever 2:1 <1. 

Consequently, if superheated steam is 
mixed under constant pressure with wet 
steam of the same pressure, a diminution of 
the total volume will take place. 

On the other hand if the saturated steam is dry or if both 
steam jets are superheated but of different temperatures, then 
no changes of volume occur during the mix- 
ing under constant pressure. 

But it is more important to determine the changes of total 
volume than to determine the changes of temperature 
connected with the mixing. 

If we substitute, in the equation of condition for superheated 
steam, 

pv=BT —Cp”-, 


the pressure pi and the temperature T of the mixture, we obtain 
the specific volume v of the mixed steam; on the other hand if we 
substitute the absolute temperature T 2 with which the steam 
leaves the superheating apparatus and then later on the tempera- 
ture Ti of the saturated steam, we shall find the two values Vi and 
V 2 ; utilizing these in equation (18) and considering the relation 

AT> 

AB= Cp, 

we get 

(Gi +G2)T=G^T^ +G2T2-Giil -xj)?, 


or, if we replace the absolute temperature by the centigrade 
[Fahrenheit] reading we obtain 

iGi-hGt^t=Giti+G2t2—Gi{l—xi)—. . . . ( 20 ) 

Cp 

With the help of this equation we can easily calculate the 
temperature t of the mixture when there is known the weight Gi 
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and this value is nothing else than the steam heat diminished by 
the heat quantity already possessed by the feed-water; it is 
therefore 

(Gi +O 2 ) (jo -go) = Q' +Q" -AL. 

If we use here equations (15), (16), and (17), we get, after 
simple reduction, 

iG^+G2)v = G^v^+G2V2-G^il-x{)'^^^, . (18) 

and this equation constitutes the first main result of the present 
investigation; it can be employed to determine the specific volume 
of the superheated steam in the cylinder which results from the 
mixture when the mixture ratio Gi:G 2 is given and when the 
pressure pi, temperature b, and the steam quality Xi of the boiler, 
steam is known and when there is also given the temperature t 2 
with which the steam leaves the superheating apparatus; for 
then there is given the specific volume V 2 of the superheated 
steam as well as Vi of the dry saturated steam. 

The value (Gi +G 2 )v of the left member of equation (18) 
moreover represents the total volume of the mixed steam at the 
end of the occurrence; the volume of the steam coming from the 
superheater is G 2 V 2 before mixture, and that of the wet steam 
is GiixiUi +< 7 ), or GiXiVi, or we may neglect a and replace Ui by 

Hence the total volume of the steam before mixture is 


GiXiVi +G2V2, 

and therefore the change of volume dV of the mi:rture under con- 
stant pressure is 

JV = (Gi-\-G^v — (GiXiVi -i-G2V^ , 
or, utilizing equation (18), 

.,7-(J.,.(1-..)(i-'-^3^). . . . 09). 
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We can now determine the heat quantity Q' which must be 
supplied to the boiler in order to generate the Gi kg. [lb.] mixture 
of steam and water, and, because here the evaporation takes place 
under constant pressure, we find that 


Q'=Gi(.qi-qo+Xiri), 

or substituting r-i =,01 +ApiUi and inserting the value Ui in place 
of the specific volume Vi of dry saturated steam of the pressure pi, 
we obtain 

Q' ^Gi(qi +pi +ApiVi-qo — {l—Zi)ri), 

or, because qi +pi represents nothing but the steam heat J of dry 
saturated steam for which we can insert equation (56), p. 249, 
we find 

Q'=G'i^Jo+^PiVi-5-o-(l-a:i)riy . . . (15) 

The other part, Gz, of the total steam goes through the super- 
heater and is here brought to the temperature iz with the cor- 
responding volume vzi the heat quantity Q" which must be 
supplied in part to the boiler, in part to the 
superheater can be determined with the help of equation 
(57), p. 249, and is 

Q"=Gz(jo+-^PiVz-q^ (Ig) 

Let t be the temperature of the superheat after the mixture; 
the total steam weight {GiAGz) therefore enters the steam cylinder 
with the specifiiC volume v; now disregarding any throttling and 
consequently assuming the pressure in the cylinder identical with 
the boiler pressure pi, the steam will perform in the cylinder the 
admission work 

L = (Gi+Gz)piv (17) 

Of the total heat supply there finally remains behind in the 
steam the amount 


Q'+Q"-AL, 
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The use of superheated steam for engine running was already 
widespread in 1854 in the United States of America, and it was 
the experimental results of Wethered in particular which 
caused the matter to receive much attention.^ Great success was 
expected at the beginning from the use of superheated steam in 
steam engines, and indeed these have not been absent from the 
"hot-vapor motors a part of the success is to be ascribed to 
the fact that in time an even higher boiler pressure and expansion 
were employed ; the fuller considerations of the occurrences taking 
place during admission to the engine cylinder show that even 
moderate superheating entails advantages. 

It is therefore appropriate to establish the heat economy 
of superheating in a theoretical way and at the same time show 
whether Wethered was right in concluding that, other things 
being equal, the generation of superheated steam by mixture 
involved an additional advantage.^ 

Let us immediately take up the case of mixture and in so doing 
take as a base Fig. 28, which gives a schematic representation of 
the steam Ijoiler with the superheater; here, in correspondence 
with practical arrangements, it may be assumed that the super- 
heater B is heated by the products of combustion coming from the 
steam boiler A, or it may be assumed that the superheater is pro- 
vided with a special heating arrangement. 

Now let Pi and h be the pressure and temperature 
anrl let the steam leaving the boiler be wet and possess the steam 
quality Xi ; the boiler is fed with water at the temperature to. 

Let Gi represent the weight of steam and water which in a unit 
of time leaves the boiler and flows directly through the pipe aa to 
the place of discharge, and let O 2 be the weight of the steam simul- 
taneously flowing through the superheater. 

' Compare D i n s e, Uber die Verwendung des iiberhitzen Dampfes in den 
Dampfmaschinen/^ Zeitschrift des Vereins deutscher Ingenieure, VoL IX, 
1865, pp. 573 and 665; also Vol. X, 1866, pp. 245 and 483. The article gives 
an historic review and contains the experimental results thus far attained, of 
course without any theoretical explanation whatsoever; at the same time it 
contains pictures of different arrangements of superheated apparatus. 

*The first theoretical treatment of the question came from the author: 
^'t)ber das Verhalten der uberhitzen und der gemischten Wasserdtopfe.” 
Zivilingenieur, VoL XIII, 1867, p. 343. 
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flows to the place of the union of the two pipes, and there the 
mixture of the two steam jets now takes place. This steam, 
which is technically designated as “mixed steam,” is of course 
nothing but simple superheated . steam, whose temperature lies 
between the temperatures of the two steam jets before mixture 
and is dependent on the distribution of the total steam weight 
in the two branch pipes. By a suitable adjustment of the two 
valves e and / we have complete control of the temperature of 
mixture, i.e., of the steam entering the steam cylinder, and can 
maintain it at a particular prescribed height, and this constitutes 
the main advantage of the mixing method in contradistinction to 
the direct generation of superheated steam in which the total steam 
Tria..c!s is led through the superheater; in the latter case the tem- 
perature of the superheating is dependent on the intensity of the 
firing, it is difficult to regulate, and it may easily become so high 
that it will decompose the lubricants and thus introduce disturb- 
ance into the running of the steam engine. 

A further advantage of the given method lies in the ability 
to put the superheating apparatus entirely out of action by the 
closing of the valve / and then running the engine directly by the 
boiler steam. The emplo)nTient of superheated steam for the run- 
ning of engines has been advantageous, because a number of 
experiments show that with like or equal performance of an engine 
a very considerable saving in fuel has been effected. There exist 
very complete and early experiments by Hirn^; later it was 
maintained by others, and particularly by the American 
Wethered (and these views were also based on experiments), 
that a further saving of fuel was effected when the superheated 
steam was generated by the method of mixture; according to the 
experiments in question a decided advantage in favor of mixed 
vapors was manifest in one and the same engine even in those 
cases in which the mixed steam reached the cylinder of the engine 
with the same pressure and the same temperature as the directly 
generated superheated steam. The latter result was surprising 
even at that time and led to lively discussions among English 
engineers. 


^ Bulletin de la Soci^t^ industrielle de Mulhouse, 1857. 
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culate the final tension from the equation and find it to be 

1.098 atmospheres, and according to the equation 




the work of expansion is L =22952 mkg. [166014 ft-lb.] when we substitute 
/^ = 1.135. 

From this we must conclude that with the same initial pressure and the 
same ratio of expansion the superheated steam develops a somewhat greater 
work during adiabatic expansion than saturated steam. 


§ 36. GENERATION OF SUPERHEATED STEAM UNDER 
CONSTANT PRESSURE. 

In steam engines which work with superheated steam the 
production of the steam occurs in two ways. In the first method 
the steam generated in the boiler is either wet or dry saturated, 
and on the way from the boiler to the steam cylinder is led through 
a superheating apparatus, where, under invariable 
pressure, it experiences a further increase of temperature and 
increment of volume on account of the heat imparted to it, ordina- 
rily by the waste fire gases; in the second, mixed vapors 



are employed. The steam is led from the boiler A (Fig. 28) to the 
steam cylinder through two pipes m and hh, which unite into one 
pipe c in front of the cylinder. 

Through one branch pipe aa the saturated or wet steam moves 
without change of state, but the other' pipe leads to the superheat- 
ing apparatus B, where the steam is strongly superheated, and then 
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Example. Let superheated steam of pi—5 atmospheres pressure 
and of the temperature t,=200° [392°] expand adiabatically down to p = l 
atmosphere. In the first place we find from the equation of condition and 
with the help of the constants given on p. 237 ; 

p,v^=BT,-Cp,^-=2.05043 

=32.8456]. 


From this follows the initial volume 

=0.41009 

=6.5692], 

and then, according to equation (11), 

log =0.1828089, B = 1,5233 
[log ^7 = 1.7889865, F =61.5158]. 

Accordingly we have for the point of intersection, from equations (12), 

'Uo = 0.6577, Po= 2.6632 atm., po^o = 1-7517 

[Vo = 10.5356, po =2.6632 atm., po^^) =28.0585]. 

From equation (13) we now get the final volume ?; for one atmosphere 
pressure : 

^ i; = 1.5589 

[i; =24.972], 

and because = 1.6494 [26.3912] we have for the steam quality at the end 
of expansion 

a; =0.9445, 

and for the expansion ratio 

-=3.801. 

Vi 

Finally the work of expansion per unit of weight is, according to equation 

(14), 

L =24016 mkg. 

[L= 78793 ft-lb.]. 


But if the steam is dry saturated at the beginning, then, according to 
the exact formulas, (66), p. 75, and (68), p. 76, the steam quality at the 
end is a; =0.9090 and the initial and final volumes are respectively 
=0.3636 [5.82450] and v = 1.5003 [24.0332], and the expansion ratio is 




» 4.126, and the work of expansion 


L =24210 mkg. 
[L= 79430]. 


V 

For the same ratio of expansion as before, namely for — =3.801, we cal- 

Vi 
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where the logarithm is the Briggs logarithm and both the pres- 
sures Pi and ^.'o are taken in atmospheres 
(at 10333 kg. [2116.31 lb.]). 

If in adiabatic expansion there are 
given the initial values pi and Vj; And 
also the final values p and v, then in the 
first place we calculate po and ro. 

If v< Vo or p >po, then, for the final 
condition, we have the relation pv'‘ = 

Pir’i", and the work of expansion is 
found from equation (9) to be 

■^=;^(PiVi-pv), 



where p and pi are to be estimated in kg. per sq. m. [lb. per sq. ft.]. 

On the contrary, if we are to have v>vo or p< po, then this is 
a sign that the adiabatic is to cut through the limit curve, and its 
course TqT within the limit curve will be different (Fig. 27), for 
from the point of intersection on it is subject to the law 

pvP-=poVo>^, (13) 

where we must substitute ,u = 1.135 (see p. 82). According to the 
latter equation p can be computed from the given value v or vice 
versa. 

The whole work of expansion can be found from the equation 
L=i~{pivi-povo)+^^(.povo-pv). . . . (14) 

In the second part of the expansion, moreover, a condensation 
of steam takes place, and the steam quality x at the end of expan- 
sion is found from the formula 


v—xu+a. 

If the expansion in the cylinder of a steam engine working with 
superheated steam is regarded as adiabatic, then the case just 
treated will be the ordinary one. 
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If we compare the course of the adiabatic curve with that of 
the limit curve, it is seen that, approximately, both obey the same 
law. 

For the limit curve there was found with great accuracy the 
relation 

pv''=D, (10) 

where v = 1.0646 and 2) = 1.7049 [32.67Q] when the pressure p was 
in atmospheres (each 10333 kg. [2116.3 lb.]) . 

Now because /c= 1.333 is greater than v, it follows that the 
adiabatic curve during expansion approaches the axis of abscissas 
more rapidly than the limit curve; both curves will therefore 
intersect at a particular point. 

In Fig. 27 let dd represent the limit curve and let the state of 
the superheated steam be given by the point Ti possessing the' 
coordinates and pi, then for the adiabatic to the point of inter- 
section To we have the equation 

Piri'‘=poVo'‘, 

where po and vo represent the coordinates of the point of intersec- 
tion. 

On the other hand, for the limit curve, 

poVo'' = D, 

and from the two equations we can now calculate the coordinates^ 
Po and Vo of the point of intersection To. 

Let us suppose that from the given values pi and Vi the value- 
E is determined from the relation 

PiVi'‘=^E, (11) 

then we find 

log no= -0.8622906 +3.7216 log £1, . . .(12a). 

logpo= +1.1496935 -3.9620 log . . . (126) 

log (povo) = +0.2874029 - 0.2404 log E, . . (12c)' 


and 
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till the terminal pressure amounts to p = l atmosphere. Here, according to 
equation (5), the final volume at the end of the expansion is five times that 
•of the initial volume, and the fall of temperature can be computed, accord; 
ing to equation (7), with the help of the table on p. 238, and is found to be 

= [33.984° F]. 

When the initial temperature amounts to =152.22° [305.996° F.], the 
temperature at the end is ^ = 133.34° [272.012°]. The steam is now super- 
heated because its temperature at atmospheric pressure amounts to more 
than 100° [212°]; the superheating is accordingly 33.34° [60.012°]. 

The adiabatic curve of superheated steam was found on 
p. 231 to have a course agreeing with that of gases, only we must 
substitute /c= 1.333 in place of 1.410. 

Here it is evident from the first of equations (50), p. 244, that 
when (iQ==0 

( 8 ) 

and from this we find the work L, produced during adiabatic 
expansion, to be 

L=-;^(PiVi-pv) (9) 


Example. Superheated steam of Pi=5 atmospheres pressure and 
■of the temperature =300° C. [572° F.] expands adiabatically down to the 
pressure of p = l atmosphere. Here equation (8) gives 


■and from equation 


there follows 


r =3.344 Vi, 



T =384.2° or ^ = 110.2° C. 

[T =691 .56° or ^ =230.36° F.]. 


The steam is still superheated at the end of the expansion and the super 
heat amounts to 10.2° C. [18.36° F.]. The work produced per unit of weight 
is found from equation (9) to be 


L =26117 mkg. [85687 ft-lb.], 


because, according to the equation of condition, it is found that v, =0.5087 
f[8.1488] and t; = 1.7008 [27.2450]. 
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the change in the steam heat is 

/-/i -6.802 Cal. [12.2436 B.t.u.], 
and the external work, measured in units of heat, is found to be 
AL =75.402 Cal. [135.7236 B.t.u.]. 

The last two values give for the work consumed in the interior U — Ui —2884 
mkg. [20860 ft-lb.], and for the external work L =31970 mkg. [231245 ftdb.]. 

If we think of isothermal compression with superheated steam, 
then the state of saturation is reached at a certain pressure, i.e., 
the isothermal curve intersects the limit curve ; with further com- 
pression under constant pressure condensation of the steam will 
take place. The pressure corresponding to the point of intersec- 
tion is of course identical with the saturation pressure belonging 
to the temperature Ti . 

With the isodynamic curve the inner work or energy 
U is constant; consequently with vapors the ste^-m heat J will 
also be constant. Accordingly, with J=/i, equation (3) becomes 


the equation of the isodynamics 

P'0=piVi, (5) 

and hence the heat to be supplied is 

Q=AL= AfiVi logc n (6) 

r 


Hence the curve is an equilateral hyperbola, as in gases; but it 
does not here coincide with the isothermal, the pressures sinking 
more rapidly during expansion along the isodynamic than along 
the isothermal. Moreover, 'there follows, from the equation of 
condition, because pv^piVi, the change of temperature accom- 
panying the isodynamic change of state, and it is 

(7) 


Example. Dry, saturated steam of pi— 5 atmospheres pressure 
expands isodynamically, for example by flowing into a vacuum chamber 
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Q^cJ^T,\ogo^-^, ( 2 ) 

and according to equation (56), p. 249, there is determined the 
increment of steam heat, 

A 

(3) 

or, from the preceding equation (1) , 

AC 

j = f3«'‘ 

and then the external work L is found from the relation 

Q~J — J^-\-AIj (4) 


Accordingly with superheated steam a portion of the supplied 
heat is consumed in performing inner work; while with gases, for 
which (7=0, the whole supplied heat Q is converted into ex* 
ternal work. 

This result corresponds exactly to the atomistic conception 
that has been formed of vapors ; during their isothermal expansion 
there must be overcome the forces of attraction with which the 
particles act on each other; while in the case of gases the particles 
have passed beyond the sphere of the mutual interactions of the 
forces. 

Example. Let steam expand iso thermally from a pressure of five 
atmospheres down to o n e atmosphere and let it be dry saturated at the 
beginning, then we must place Tj =273 + 152.22° [765.396° F.] and must 
also substitute 

=7, Cp =0.4805. 

K 4 

Then, using the above-given constants, we get, according to the given equa- 
tion of condition for the initial volume, -Ui =0.3630 [5.8149], and the final 
volume = 1.9084 [30.5705]. 

The heat to be imparted according to equation (2) is 



Q =82.204 Cal. [147.9672 B.t.u.], 



APPLICATIONS. 


Reversible and Non=reversible Changes of Superheated 
Vapor of Water. 

835. THE ISOTHERMAL, ISODYNAMIC, AND ADIA- 
BATIC CURVE FOR SUPERHEATED STEAM. 

The equation of condition which we have found in an approxi- 
mate form at once gives the course of the isothermal curve. 
Let fi, vi, and Ti be pressure, volume, and temperature for the 
initial condition, and let p, v, and T be these quantities for the 
final condition, then the two equations 

pv^BT-Cp”' and piVi = BTi-Cpi^ 

at once give for T = Ti, by subtraction, the equation of the iso- 
thermals: 

pv = piVi+C{pi”'—p^), ( 1 ) 

where C must be in accordance with the data on p. 237, and we 
must substitute 

1 , 4 

n= =-7 and k=-^. 

« 4 3 

The heat quantity Q which must be supplied to the unit of 
weight of steam while it is passing under constant temperature 
Ti from the pressure pi to the pressure p is found from the third 
■of equations (50) , p. 244 : 
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adiabatically, then for any value v whatever there can be 
computed the temperature T at the end of the compression, and 
with the help of the equation of condition (67), p. 263, there can 
also be found the terminal pressure p. There will be opportunity 
later on to return to the use of these formulas. 
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+0.182 t (82a) 

[ 2 88 T 

A (7 =101.88 - ^ +0.182(t - 32) J, 

for v< 0.00167 

^ C7= 56.6-^^^ +0.182 f (82b) 

V ^ 


[aC/ = 101.88-^ +0.182(i-32°)], 
and for the entropy 

l?=0.1281ogio(?J -0.00085) +0.42 logio 7-0.562 (83a) 
[1P=0.128 logic (^) -0.013616) +0.42 logic T-0.8234]. 

When we make m= 0.3048 and t;c =0.00085, the last equation 
may be written 

4P=0.42 logic 7(v-ro)”*-0.562 .... (83b) 
[1P=0.42 logic 7(i;-rc)”> -1.1844]. 

Since the entropy is constant for the adiabatic curve, it follows 
that the equation of the adiabatic of superheated carbonic acid 
vapor is 

T{v - Vo)”* = Constant (84a) 


If we also make AU constant in equations (82a) and (82b), we 
will get, approximately, the course of the isodynamic curve. 

If we start from any point of the limit curve for which the 
temperature is T' and for which the specific volume s is designated 
by i/, we get from equation (84a) 


T _/v'—Vo\”* 
T'~\v -Vo) 


(84b) 


Accordingly if we compress dry saturated carbonic acid vapor 
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work or energy of dry saturated carbonic acid vapor. These tabu- 
lar values vary greatly only in the vicinity of the critical tempera- 
ture. 

In a later article ^ M oilier subjected to closer investigation 
the behavior of carbonic acid in the superheated field, bearing in 
mind the theoretical requirements involved in calculating and 
judging carbonic acid machines of the cold-vapor variety; in so 
doing he made use of the comprehensive experimental results of 
A m a g a t which give, in tabular form, the specific volumes v 
of the superheated vapor for widely differing pressures and 
temperatures. 

In preparation for the following consideration of cold-vapor 
•engines we will now give the formulas for the energy and entropy. 

If we start from a particular point of the limit curve, corre- 
sponding to a certain steam volume, and designate its energy by 

5 ' +/, and its entropy by t' -1- and the temperature by t', then 

for heating under constant volume the energy at the 
temperature t will have the value 

AU=(i+p'+c^{t-t'), ...... (80) 

and the entropy will be 

t' T 

AP ~ I rpf “HCo log. rj^fy ..... (SI) 


which values can therefore be computed for a particular v and for 
different temperatures. Similar calculations can be made for 
every other volume v, and now it is only a question of representing 
the values obtained as functions of v and t in order to directly 
determine the magnitudes AU and AP. 

When the volumes are greater than 0.00167 M o 11 i e r gives 
for the energy 


M o 1 1 i e r, ‘‘ Uber die kalorischen Eigenschaften der Kohlensilure ausser- 
halb des Sattigungsgebietes.^' Zeitschrift fur die gesamte Kalte-Industrie, 
III. year, 1896, pp. 65 and 90. 
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Finally we can calculate for carbonic acid vapor tbe specific heat 
Cj, at constant volume. 

From equation (76a) there is determined 



C 1 -^ 

e 

T^Hv+l^r ’ 


and from this follows with the help of equation (85) 


, , ACT i-p 


. (79) 


in accordance with which c, can be calculated for different values 
of t and V. 

For example, with the above given constants C, a, and Tk, 
and with c/= 0.16577, we get for 


0° +10° +20° +30° +31.35° 
c„ =0.1791 0.1842 0.1908 0.2052 0.2118 
[f= 32° 50° 68° 86° 88.43]. 


These values of c® relate to dry saturated vapor and of course 
cannot be regarded as very certain, for they depend essentially 
on the form of the temperature function assumed in the second 
term of the right member of the equation of condition (see § 28, 
p. 208) and which was here taken, according to van d e r 
T 

W a a 1 s, as 1 — If we pass over into the superheated region 

we may perhaps, at the entrance to this region, which is only 
considered in technical calculations, use the constant mean value 
c*= 0.182 for the specific heat c„, at constant volume, of super- 
heated carbonic acid vapor, as was proposed by M o 1 1 i e r. 

The following is to be noted. 

I have added to Mollier’s Table 10 a Col. 17, containing 
the values of the steam heat J (see p. 28) according to the formula 


J=q+p. 

These values represent the magnitude AU, where U is the inner 
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[ t- 0.10155 +0.000185 (i-32°) 

and from this simple formula are calculated the values of Col. 15, 
Table 10. 

M 0 1 1 i e r calculated the values of the heat of the liquid g of 
Col. 10 by multiplying the differences of the values of Col. 15 by 
the mean temperature of the interval and by summing up the 
products from 0° [32°] on. 

The specific heat c of liquid carbonic acid is calculated from 


and with equation (77) it becomes 

c= 0.000333 (78) 

I c=0.000185 

M 0 1 1 i e r finds that r can be sufficiently well reproduced by the 
empirical formula 

r=aT»(T'ft-T)” 

when we substitute o=1.13 [0.6816], 71=0.43, and r*=304.35 
[547.83], and with this there follows from equation (78) 

c =0.000333 r +0.285^ +0.215yr^ • • . (78a) 

[c= 0.000185 r +0.285^ +0.215^^] 

For example, we get from this formula for 

t=-20° -10° 0° +10° +20° +30° +31° +31.35° 

c= 0.437 0.473 0.529 0.621. 0.833 2.505 5.269 


00 
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ft TiH this is the equation given by M o 1 1 i e r. In this we should, 
according to Joly, take =0.16577 and the integration con- 
stant K should be so chosen that for liquid carbonic acid, i.e., for 
v = a, the value AP=t, and therefore when t=0 we should also 
have AP=z=0. In like manner if we substitute for tlie value 
v=s different temperatures, according to Table 10, we get the 
entropy of the saturated vapor of carbonic acid, i.e., 

AP=t+^. 


In this way M o 1 1 i e r, with the help of equation (76), calcu- 
lated for different temperatures a series of values z for liquid car- 


V— 

4*20 

T 

T 

bonic acid and of r + m 
B , ^ ^ 

for carbonic acid vapor, 

/ X fi.nfl la.id off tho ro«nlf 

+40 

/ 

/ \ graphically (Fig. 20), 


/ 

/ \ making the entropies 

7 

-io — / L 

T ^ the abscissas, and the 

/ 

•^20^ ^1 

\ natcis; the adjacent 

y 

.anZ 

\ curve ABC shows the 


B C law of change. If we 


imagine a mixture of 
liquid and vapor and let x be the steam quality, then for this 
mixture the entropy is 

AP=z+-^ 

(see p. 64), so that now we can draw the curves for different 
values of x. In so doing it is seen that for x = | the two curves 
become almost exactly a straight line BD (Fig. 26) , which passes 
through the point of bisection D of the distance AC and through 
the point B corresponding to the critical temperature. With it 
we find 

T=0.10155-l-0.000333t-^^ (77) 
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If we now proceed from the hypothesis that carbonic acid in 
highly superheated condition approaches the equation of con- 
ation of gases ■pv = BT and c* approaches the constant value c/, 
It ere follows for this state 



with this, from equation (72), 


c:=AT 


m. 

dt ’ 


i-Gcordingly, 


m=f\og.T (73) 

'Va Institution in equation (71) then gives 

AP^Aj'(^'^dv+c^'logeT. .... (74) 


'rorn equation (72) follows 


(75) 


h. ere, according to Joly, we should substitute c/= 0.16577. 

If we now return to the equation of condition which will be 
lOfsen in the form of equation (67), its differentiation gives 


1 -^ 

/#\ Ce n 

Kdt A ~v-a '^Tk{v 


(76a) 


id the use of this expression in equation (74) gives, after integra- 
rn, the entropy, measured in units of heat. 


AP=AB log. (v-a) - 


i-Z 

ACe r, 

n(«+i3) 


loge T AK, 


. (76) 
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Accordingly there follows for the heat weight or entropy P, from 
our former notation (Vol. I, p. 134), 


dP= 


dQ 

AT 


at + 



(70) 


an expression which can always be integrated and which will fur- 
nish the entropy P as a function of t and v] the determination of 
function P is the aim^ in order that we may obtain the funda- 
mental equation of M o 1 1 i e r. But in so doing we must remark 
that here P must be conceived as measured in units of work, and 
then AP is the entropy in units of heat. 

We have, from equation (70), for constant temperature, 


and from this 



where f{t) represents a temperature function to be determined. 

By differentiation of this equation with respect to t and a 
constant v there is found 


\dt)^ J dt ’ 

and on the other hand, from equation (70), 

(il\ __£l 

\dt)~AT 

hence from a combination of the two formulas we have 


Cv 



dv-^AT 


dm 

dt * 


. . (72) 
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purposes, for here the hypothetical assumptions have been reduced 
to the minimum. 

Of the three identical heat equations (45), p. 243, or equation 
(Illb) of Vol. I, p. 143, we utilize the second form in the following 
investigations, namely, 

AT 

dQ = c^dt +^^dv (69) 


In this formula p and v have hitherto been regarded as inde- 
pendent variables, as has been our practice throughout the present 
book. For the following purposes, however, it is simpler to treat 
t and V as independent variables, as Clausius did in all his 
works; naturally t and p can also be treated as such. 

In the case t=fip, v) or p=F{t, v) we obtain, respectively, 

(1 ).“''’ + {%)/”' - (f ) * + (I)/”' 

where, to avoid confusion, the subscript affixed indicates the mag- 
nitude which is to be treated as constant during differentiation. 

For constant v, hence for dv=0, the two preceding formulas 
give 

‘*‘■( 1 )/'’ ‘'’’■( 1)5 

and hence, for a combination of the two. 


Since 


(I). “ ' 


1 

\dpjv /dp\ 

\dt/v 


identical with the earlier notation there follows 


for our further purposes, from equation (69), with t and v as inde- 
pendent variables. 


dQ=c^t+AT 


\dt)J^ 


. (69a) 
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7^=273+31.35 = 304.35° [547.8°]. 

As Amagat’s data relate only to temperatures beyond 0° 
[32°], M 0 1 1 i e r, to supplement the table for temperatures 
below 0° C. [32° F.], drew on the older experiments and they fur- 
nished a good connection. 

As regards the saturation pressures adduced in columns 3 and 
4, these are not calculated according to Regnault from the 
data upon pages 14 and 17, but the saturation pressures p were 
newly observed by A m a g a t; the values of Table 10 in question 
differ somewhat from those of Regnault, and increase less 
rapidly between the temperature limits employed. M o 1 1 i e r 
finds that the formula 

1 

/ T \ 0.221 

p = 2.9674 — 1 j (68) 

[ / T \ 03^1 

p.42.2056(jg5-l) J 

gives a good agreement with A m a g a t ’ s data where p is ex- 
pressed in kg. : sq. cm. [Ib. per sq. in.]. With this the values of 
Columns 5 and 6 were calculated; and there follow, furthermore, 
the values of Columns 11, 12, and 13, because u is known, i.e., we 
have the values 

P=r-Apu. 

p dt 

The same difficulty encountered above with ammonia now 
arises here; as the specific heat c of liquid carbonic acid has not 
yet been determined experimentally, we cannot compute directly 
the heat of the liquid g and the entropy t, and must therefore try 
to determine these quantities in an approximate way. In a clever 
manner M o 1 1 i e r obtains here a fundamental formula which 
will be derived somewhat more briefly in what follows, and this 
may be regarded for the present as thoroughly reliable for technical 
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In the interval, A m a g a t ’ s comprehensive experimental 
results have become known,’- and thus the bases have been sui)- 
plied for presenting the behavior of carbonic acid in more reliable 
fashion; M o 1 1 i e r,^ on the basis of such experiments, has set up 
a steam table which is reproduced in the Appendix under No. 10 
on pages xxii and xxiii, and this table can be employed with great 
confidence in calculating and juilging cold-vapor engines of the 
carbonic acid variety. 

A m a g a t gives, for liquid carbonic acid, and for saturated 
vapor, for every degree from 0° [32° F.] up to the critical tem- 
perature 31.35° C. [88.43° F.], the relative weight with respect to 
water; if this value is designated by e, then 1000 e is the specific 
weight, and the specific volume is calculated from 

_i_ ro^oio-i. 

1000 . L « J 


From this were obtained the values of Column 7 anrl Column 8 of 
Table 10, and, furthermore, the values of u in Column 9 wc;r(; 
determined for u=.s — <T. M oilier finds that these are roipro- 
duced by the equation of condition 


BT 

v—a (v+/?P’ 


(67)- 


which was proposed by v a n d e r W a a 1 s. If p is estimated 
in atmospheres, we must substitute: 

S= 19.32, (7=19.36, a =0.002037, and ,9 = 0.0007719 
[S=171.936, (7=4970.45, a: = 0.032631, and /? = 0.012365]. 

Tk signifies the absolute temperature at the critical point, so that 


^ A m a g a t, la determination de la density des gaz liqu4fi6oH et do 

leurs vapours saturdes. — £l6ments du point critique de Pacide carbon ique/' 
Comptes rendus, VoL CXIV, 1892, p. 1093. See also Vol. CXIII, 1891. 

^ Mo I Her, ^‘Uber die kalorischen Eigenschaften der Kohlensaiire und 
anderer technisch wichtiger Dampfe.^' Zeitschrift fiir die gesamte KUlte- 
Industrie. II. year, 1895, pp. 66 and 85. 
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|^T=/Y=0.000306(i-32°) -0.83310+0.3820 logic t]. 


Columns 6 and 11 of Table 9 were calculated from formulas (65) 
ari d (66); we see from the values in Col. 11 that the differences are 
nearly constant, so that we may approximately set T=at, as wa-s 
suggested by M o 1 1 i e r, where a. represents a constant quantity. 


§ 34. THE VAPOR OF CARBONIC ACID. 

It was stated on p. 209 that carbonic acid vapor was first sub- 
jected by Andrews to experimental examination, and these 
experiments furnished the basis for the theoretical studies of 
van der Waals and Clausius, and for the equations of 
condition set up by them (pp. 211 and 217). Later S a r r a u had 
occasion to utilize more recent experiments by C a i 1 1 e t e t and 
Hautefeuille, and still further experiments by C a i 1 1 e - 
t e t and Mathias^ were utilized in the earlier editions for 
the treatment of the question. In so doing, however, the starting- 
point was the assumption that the same approximate form of the 
equation of condition could be used with carbonic acid as with the 
vapors of water and ammonia. This equation was found to 
answer completely for technical calculations concerning the vapor 
of water. 

But conditions are different with carbonic acid; although I 
did not want the formulas and numerical values in question to be 
employed beyond the upper temperature limit of 20° C. [68° F.], 
and therefore not in the vicinity of the critical temperature of 
31.35° [88.43° F.], still the observations on the carbonic acid engine 
(cold-vapor), which in the interval had been extensively employed, 
soon showed that assumptions which were based on the simple 
equation of condition were not tenable, for, with the engines men- 
tioned, temperature values arise which are close to the critical 
temperature, and will often exceed it. 

'Cailletet and Mathias, “Recherches sur les density des gaz 
Iiqu6fi6es et de leurs vapeurs saturSes.” Comptes rendus, Vol. CII, 1886, p. 1202. 


THE VAPOR OF SULPHUROUS ACID. 


261 


<7 = 0.0007 [0.00112]; we then get the specific volume v and from 
it the specific weight of the satwated vapor, as follows: 

v = M +<7 and r=— — . 

U +<T 

The corresponding values of Table 9 of the Appendix have 
been computed from the above formulas. 

For the specific heat c of liquid sulphurous acid Mathias 
gives the formula 

c=^ =0.31712 +0.0003507 1 +0.000006762 . . . (64a) 

[c=^=0.31712 +0.0001948(<-32°) +0.00000209 (t-32°)2j 

as valid for the wide temperature limits —20° to +130° [—4° to 
266°]; for the narrow temperature limits —30° to +40° [—22° to 
+104°] of our table we can, with sufficient accuracy, calculate c 
according to the simple formula 

c=0.3171 +0.000554 1 
[c=0.3171 +0.000308(i-32°)], 

and with this help we get for the heat of the liquid 

t 

g = f cdi=0.3171 f +0.000277 (65a) 

0 

\q=f cd^=0.1762(«-32°) +0.0000855 («-32°)2l, 

and for the entropy of liquid sulphurous acid, at the pressure of 
saturation, we have 

^=y^'=0.00055t-0.93061 +0.3820 logic T . . . (66) 

0 ^ 
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From the preceding formula of C 1 a p e y r o n wc get 

r _rp dp 

Apu pdf 

and from this, with the help of the values of Col. 4, Table 9, we 
calculate the following values for Apu: 


o 

O 

CO 

1 

-20° 

0° 

+20° 

+30° 

Apu= 7.355 

7.716 

8.230 

8.376 

8.308 

■ -22° 

-6° 

32° 

0 

00 

CO 

00 

o 

13.239 

13.8888 

14.8140 

15.0768 

14.9544. 


There is a good agreement with the empirical formula 

lpu=8.230 +0.0165 J -0.000460 . . . (64> 

[Ap«= 14.814 +0.0165 (i- 32°) -0.000256 (t- 32 °) 2 ], 

for this gives for 


O 

O 

CO 

1 

(1 

-20° 

0° 

+20° 

+30° 

7.321 

7.716 

8.230 

8.376 

8.311 

■ -22° 

-6° 

32° 

00 

o 

o 

CD 

OC 

.i4pw=13.1778 

13.8888 

14.8140 

15.0768 

14.9598, 


The combination of the two equations (63) and (64) and the 
relation r=p +Apu furnish the following formula for the inner 
latent heat: 

p = 82.970 - 0.2740 0.002915^2 .... (65) 

[p = 149.346 - 0.2740(t- 32°) - 0.00162 (f -32°)2]. 

We can compute the value u from equation (64) for different 
values of the saturation pressure p and for the corresponding tem- 
perature t] for the closely lying temperature limits which arise 
here (—30° to +40°) [—22° to 104°] we can treat the specific 
volume a of sulphurous acid as constant, and can take it to be 
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peratures it is said to differ from the new observations; we will 
■omit the statements of S a j o t s c h e w s k y in this connection 
and will only remark that he placed the critical temperature of 
sulphurous acid at iffc = 155.4° [279.72°] and the corresponding 
pressure at ^^ = 78.9 atmospheres; the first value agrees closely 
with that given by Cailletet and Mathias. 

From the preceding experimental results and with the help of 
Clapeyron^s equation (22), p. 29, namely, 

r=^Atu^£, 

Cailletet and Mathias derive the following values for the 
latent heat r of sulphurous acid: 


t= 0° 

-1-10° 

+20° 

+30° 

+40° 

r= 91.2 

88.7 

84.7 

80.5 

75.5 

rf= 32° 

50° 

O 

oo 

CD 

86° 

102° ■ 

Lr- = 164.16 

159.66 

152.46 

144.90 

135.90. 


and these values can be reproduced with sufficient accuracy by 

r =91 .2- 0.2575 t - 0.003375 .... (63) 

[r = 164.16 - 0.2575(t - 32°) - 0.001875(t - 32°)2]. 

By its means we get for 


t= 0° 

+10° 

+20° 

+30° 

+40° 

r= 91.2 

88.3 

84.7 

80.4 

75.5 

O 

CO 

11 

50° 

68° 

86° 

102° ■ 

r = 164.16 

159.66 

152.46 

144.90 

135.90. 


The experiments and the preceding formula to be sure confine 
themselves to temperatures above the freezing point of water, but 
it is probably permissible to also employ equation (63) below 0° 
T32°] ; in cold-vapor engines the lower temperature limi t is rarely 
.below -16° C. [ +5° F.]. 
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Liquid Sulphurous Acid under the Steam Pres 
sure Corresponding to the Temperature: 


t=+ 0 . 0 ° 

7'=1433.8 

+120.45° 

7 = 1016.6 

21.7 

1375.7 

130.30 

956.0 

35.2 

1337.4 

140.8 

869.0 

52.0 

1287.2 

146.6 

806.5 

62.0 

1252.3 

151 . 75 

731.7 

82.4 

1184.5 

154.3 

670.6 

102.4 

1104.1 

155.05 

637.0 

t=+ 32.0 

7' =89.507 ! 

t= +248.81 

7-= 63.316 

71.06 

85.879 

266.54 

59.679 

95.36 

83.489 

285.44 

54.248 

125.60 

80.355 

295.88 

50., 347 

143.60 

78.176 

305.15 

45.677 

180.32 

73.943 

309.74 

41.873 

215.33 

68.766 , 

311.09 

39.766 


The critical temperature was found to be ii;=156° [312.8°]; 
here the specific weight of vapor and liquid is the same and 
amounts to 520 kg. per cbm. [32.46 lb. per cu. ft.]. 

The values of 7- given in the preceding tabulation determine 
through their reciprocals the specific volume s of the saturated 
steam and a of the liquid. If, in addition, we know the steam 
pressure p corresponding to the temperature t we can draw the 
limit curve for sulphurous acid in the manner discussed on p.209 
when considering carbonic acid. Cailletet and Mathias 
give a picture of the limit curve, for they lay off the temperatures 
t as abscissas and the specific weights 7- as ordinates. 

For the calculation of the saturation pressure p of sulphurous 
acid use was made of Regnault’s empirical formula given 
on p. 14 when Table 9 of the Appendix was set up; up to the 
temperature of +50° [122°] this formula, according to S a j 0 - 
tschewsky,^ gives perfectly reliable values, but at higher tem- 


^Sajotschewsky, “Dampfspannungen gesJlttigter Dample-” Bei- 
bl&tter zu Wiedemann’s Annalen, 1879, Vol. Ill, p. 741 
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and under this assumption formulas were derived for the specific 
heat c of liquid sulphurous acid for the heat of the liquid q and for 
the entropy t, for up to this time no reliable experiments on the 
value of c existed. Meanwhile this gap has also been filled by the 
recent experiments of M a t h i a s/ so that by drawing on the 
experimental results mentioned, the Steam Table 9 of the Appen- 
dix can be calculated without recourse to any hypothesis. Table 9 
is only valid for saturated vapor and is calculated for the limited 
temperature interval —30° to +40° [—22° to +104°], because this 
is sufficient for the application which these vapors have found in 
engine running; we have here omitted a special investigation of 
superheated vapor of sulphurous acid, in this respect departing 
from the presentations given in the third edition. 

The following tabulation includes the experimental results of 
Cailletet and Mathias, and gives the specific weight j 
(weight of a cu. m. in kg. [1 cu. ft. in lb.]) for different temperatures. 


Saturated Vapor 

i=+ 7.3° 7- = 6.24 

16.5 8.58 

24.7 11.2 

37.5 16.9 

45.4 21.8 

58.2 31.0 

78.7 46.4 

91.0 62.6 

f=+ 45.14 7-=0.389 

61.70 0.532 

76.46 0.699 

99.50 1.055 

113.72 1.361 

136.76 1.935 

173.66 2.900 

195.80 3.908 


ulphurous 

Acid. 

f= +100.6° y 

= 78.6 

123.0 

134.0 

130.0 

160.7 

135.0 

188.7 

144.0 

249.5 

152.5 

342.6 

154.9 

401.7 

+213.08 y 

= 4.91 

253.40 

8.37 

266.00 

10.04 

275.00 

11.78 

291.20 

15.58 

306.50 

21.39 

310.82 

25.08 


^ Comptes rendus, 1894, Vol. CXIX, pp. 404-407. 


256 


TECHNICAL THERMODYNAMICS. 


The latent heat r, and A'pu and p as well, are calculated by 
D i e t r i c i in columns 7, 8, and 9 under the assumption of his 
more exact values for s and a, using for this purpose u = s-a, 
according to the known formula 



dt 


There is nothing special to be said about the calculation of the 
values in columns 10 and 11; we will only say thatj according to 
D i e t r i c i, the latent heat can be expressed with sufficient 
accuracy by the empirical formula 

r=27.65V'ir^ 

[r = 36.426Vtfc-i] 


when we take 130.5° [266.9°]. 


§ 33. THE VAPOR OF SULPHUROUS ACID. 

For sulphurous acid L e d o u x made the attempt to establish 
the equations of condition to derive the equations for the heat of 
the liquid, for the inner and outer latent heat, and to set up a 
table in the form discussed when ammonia vapor was under con- 
sideration; he used Regnault’s compression experiments as 
a basis and the few remaining data that were known. 

Later there became known the experimental results of C a i 1 - 
letet and Mathias^ on the specific weight of liquid sul- 
phurous acid and of its vapor in the condition of saturation; these 
results will be made the starting-point of the following investiga- 
tions; they were used in the 3d edition of the present book for 
setting up a steam table. In so doing, however, it was assumed 
that the equation of condition of the vapor of sulphurous acid could 
be given the same form as with the vapors of water and of ammonia, 


'Cailletet and Mathias, “Recherches sur la density de I’acide 
Bulfureux a I’dtat de liquide et de vapeur eaturfie.” Comptes rendus, 1887, 
Vol. CIV. p. 1563. 
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to wait longest for clarifying experiments concerning them; finally, 
quite recently, such experiments were conducted byC.Die- 
. t r i c i and were made public.^ Unfortunately these experiments 
are confined to temperatures above 0^ C. [32° F.]. 

The second part of Table 8 of the Appendix contains the data 
furnished by D i e t r i c i , and they naturally inspire more con- 
fidence than the older results based on hypotheses. 

In calculating refrigerating machines, however, we must go 
below 0° [32° F.], and therefore at the present time there is no 
other resource in such cases but to fall back on the old tables, 
for which purpose the first part of Table 8 is adduced with the 
older results. 

As regards D i e t r i c i ^ s data the values in column 5 repre- 
sent the specific volume s of saturated vapor of ammonia for the 
different temperatures 0° to 4-40° [32° to +104°] according 
to the experimental results; we omit connecting 
the given values by an empirical formula. 

As here we only think of utilizing the table for the calculation 
of refrigerating machines and therefore have only a purely tech- 
nical purpose in mind, we can substitute on the average a = 
0.0016 [0.0256] for the specific volume of liquid ammonia. 
D i e t r i c i gives elsewhere the values a and a up to the tem- 
perature t == + 130.5® [266.9°], the critical temperature of 
ammonia. 

Dietrici found for the specific heat of liquid ammonia 

c-1.118 + 0.00208i 
[c - 1.118 +0.0011560 - 32°)], 

and hence for the heat of the liquid 

t 

f cdt=1.118 i+0.00104 

0 

/cdi=1.118C-32°) + 0.000578 («-32°)2T 
L ^ J 

from which column 6 is .calculated. 

* tJber die thermischen und kalorischen Eigenschaften. des Atomoniaks. 
Zeitschrift fiir die gesamte Kalte -Industrie, 1904- 
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value there was assumed a:p= 0.00390, which of course involves 
great uncertaiuty because no experiments were on hand; the two 
other constants C and n were derived from the results of some 
experiments which R e g n a u 1 1 had given for the compres.sion 
of ammonia gas at constant temperature. Then the following 
empirical formulas were found for the saturated vapor of am- 


monia : 

the outer latent heat; 

^pw=30.248 +0.06938 f-0.000235 (59) 

[Apu = 54.4464 + 0.06938(t - 32) - 0.000131 (i - 32°)2] ; 

the inner latent heat: 

^=284.617 - 0.71241 1-0.004479 (60) 


[^ = 512.3106-0.71241(t-32°)-0.00249(t-32°)2]. 

The specific heat of liquid ammonia was found to be 

c= 1.0135 +0.008378 « . . ... (61)/ 

[c= 1.0135 +0.00468(t- 32°)], 

and the heat of the liquid 

?=1.01235if+0.004189«2 (62) 

[?= 1.01235(J-32°) +0.00233(t -32°)2]. 

With the help of these formulas the several columns for 
saturated vapor of ammonia in Table 8 of the Appendix were 
calculated; the values in the upper half of the table relate to 
temperatures below 0° [32°] (from —5° to —30° C. [from +23° 
to -22° T.]). In the earlier editions of this book the table is 
continued for temperatures from 0° to 40° C. [32° to 104° F.], 
and have since been much used in calculating refrigerating ma- 
chines, and not without success, although we must always be 
inclined to employ the numerical values with some hesitation, for 
the underlying formulas were developed under hypotheses against 
which many an objection could be raised from the beginning. 

Although ammonia vapors have been used a great deal, we had 
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In building the engine first mentioned the existing information 
desired was very scanty, there was a complete lack of observation 
on the heat of the liquid q and on the latent heat r, and not even 
the coeflocient of expansion of the superheated vapor of ammonia 
Was approximately known. 

L e d o u X 1 therefore sought to establish the fundamental 
equations for the vapor of ammonia on the basis of certain hypo- 
theses and with the help of some superficially known physical values. 
In so doing he started from the assumption that this vapor is, 
within certain bounds, subject to the equation of condition 

pv=BT—Cp”' (58) 

and determined the constants B, C, and n of this formula from the 
experimental material on hand; I had already shown that this 
formula was permissible for water. 

Later on the author again took up the investigations in a 
similar manner ,2 and determined the constants of the preceding 
equation in a way closely corresponding to a certain series of 
experiments by Regnault. There resulted for p inkg./sq. 
cm. [Ib./sq. in.]; 

5 = 52.642, 0=29.783, and n = 0.3655 
[5=6663.27, 0=2571.44, and n=0.3655]. 

so that the preceding formula enabled us to compute the specific 
volume v = s for different pressures and different temperatures; 
the specific volume a of liquid ammonia is to be taken on the 
average as cr= 0.0016 [0.0256] within the temperature limits occur- 
ring with ammonia compressors. 

The article quoted below gives the course of the calculation of 
the constants of equation (58), and in this connection we need only 
remark that the factor 5 depends mainly on the coefficient of 
expansion of ammonia vapor under constant pressure, for which 

^ L e d o u X, '‘Throne des machines h fro id/' Paris, Dunod. 1878. Extraifc 
des Annales des Mines, livraison de' juillet-aotit, 1878. 

* Z e u n e r, Znr Theorie der Kalt-Dampfmaschinen. With a supplement,' 
* ^ tiber das Yerha'ten der Ainmoniakdamp'’e " Zivilingenieur 1881 , p. 449. 
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ture T and let T' be the temperature of dry saturated steam of 
the same pressure, then the total heat A' of the latter is 

k'=Jo+Cp{T’-*^'p~^Y 

If we subtract this equation, from equation (57c) we get 

x=k'+Cp{T-r), 

or, utilizing Regnault’s formula and the temperature accord- 
ing to Celsius [Fahrenheit], we get 

A= (606.5 +0.305 t')+Cp(i-tO ' (57d) 

[k = 1091.7 +0.305 (i' - 32) +Cp{t- 1')], 

an equation which has long and often been used for the calculation 
of the total heat of superheated steam when the superheat is 
it-i’). 


§ 32 . THE VAPOR OF AMMONIA. 

The vapor of ammonia has become important in mechanical 
engineering because of its use in the production of cold and ice, 
through the medium of Carry’s absorption machine and 
Linde’s compression machine. 

For the saturated state of this vapor R e g n a u 1 1 also de- 
termined, experimentally, the relation between pressure and tem- 
perature and expressed it by empirical formulas; this has already 
been brought out on pp. 14 and 17, so that for saturated vapor 
of ammonia there can be found, from Table 8 of the Appendix 
for assumed temperatures, the values of p and also those of 


fdt 


and 



dp 


The study and design of the aforesaid machines made it ap- 
parent from the beginning that a knowledge of the behavior of 
ammonia vapor should rest on as certain a foundation as possible. 
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assumed pressure limits, is a thoroughly satisfactory one; outside 
of these limits the empirical formulas by Regnault, which 
serve as the starting point of all our investigations, are themselves 
unreliable. 

If we use the equation of condition — Cp” in equation 

(56), and also use equation (30), p. 231, remembering that with 
the vapor of water we substitute 

/c — 1 
m—n , 

K 

we also get for the steam heat 


J — J 0+ 



T, 


or, after using equation (51), p. 245, we find after some transforma- 
tions 


J = J o + \l — - (56c) 


For very great superheating or for the gaseous state there fol- 
lows from this 


J =j 0 4"C®r, 


the same equation which was found earlier for the gas heat or 
“heat contents ” of a gas (Vol. I, p. 132). 

If, in the same way, we transform equation (57) which was 
first found for the total heat 2, we get for the vapor of water 

...... (57c) 

and this equation differs from that given by Regnault in 
that it is simultaneously valid for saturated and superheated 
steam, while Regnault’s empirical formula is only valid for 
dry saturated steam. 

Let us assume superheated steam of pressure p and tempera- 
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/i =606.5+ 0.305 i 
[A =1091.7+ 0.305(i-32°)], 


or, according to the earlier presentations, we can write 

X=q+p+Apu (57 a) 

4 

As /£=g for the vapor of water, the two equations (56) and (57) 


can also be written 

J=476.11+3Apr), (566) 

X=m.ll+4:Apv (576) 


r/=856.998+3 Apr,-] 
LA=856.998+4Apr.J 

From these two formulas there were determined for saturated 
vapor of water the values contained in the second and fourth 
columns of the following tabulation, while the values in the third 
and fifth columns were found from equations (56o) and (57a), 
with the help of Table 11 of the Appendix. 


1. 

2. 

3. 

4. 

5. 

Pressure in 

A tmn sph ereR 

Steam Heat J 

Total Heat X 

(10333 kg.) 

according to 

according to 

according to 

according to 

V 

Equation (566). 

Equation (56a). 

Equation (576). 

Equation (57a). 

•0.5 

592.39 

592.78 

631.15 

631 .42 

1 

596.79 

596.80 

637,01 

637.00 

2 

601.61 

601.42 

643.44 

643.28 

3 

604.66 

604.47 

647.51 

647.34 

4 

606.95 

606.81 

650.66 

6,50.42 

5 

608.81 

608.73 

653.04 

652.93 

6 

610.34 

610.39 

655.08 

655.06 

7 

612.91 

613.18 

658.52 

658.60 

8 

j 615.02 

! 615.49 

661.32 

661.49 

9 

616.83 

617.49 

663.74 

663.96 


We see, from a comparison of the numerical values obtained 
by the two methods of calculation, that the agreement, within the 
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the same formula which is valid for gases (Vol. I, p. 132). 

If we designate by J the inner work A U, expressed in units of 
heat and occurring in equation (55), and likewise the constant 
AVohy Jo, then this equation can also be written as 

(56) 

If we compare the superheated vapor of water of pressure p 
and volume v with water of 0° [32°] temperature, i.e., assume that 
this steam was formed from this water, then the preceding formula 
states “how much more heat is contained in 
this steam than in the equal weight of water 
a t 0° [32°].” The quantity J is therefore what was designated 
as "steam heat” when considering saturated vapor on p. 27; 
this quantity was expressed there by equation (20) : 


J=q-^p . . (56ci) 

For the state of saturation of the vapor of water the last two 
formulas for the steam heat must give the same value, and here 
the heat of the liquid q and the inner latent heat p should be taken 
from Steam Table 11 of the Appendix. 

We get a thoroughly satisfactory agreement if we substitute 
Jo =476.11 [857] in equation (56). The so-called total heat A, 
i.e., the heat quantity necessary in order to produce superheated 
steam of volume v from water at 0° [32°] under constant 
pressure p, is found by adding the heat quantity Apu to the 
right member of equation (56), which quantity is here converted 
into external work; as the value u differs but little from v for the 
vapor of water, we can put Apv in place of Apu, and then get 

^-Jo+^Apv, (57) 

which equation is also valid for dry saturated steam for which 
Regnault found the relation 
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Pressure 
in Atmospheres. 
23 = 0.1 

0.5 

1 

5 

10 


Coefficients of Expansion 


for Change of Pressure. 

a„= 0.003892 
0.004017 
0.004090 , 
0.004343 
0.004501 


for Change of Volume. 

ap= 0.003975 
0.004150 
0.004257 
0.004629 
0.004872 


The two coefficients, according to equations (52) and (53), are 
only functions of the pressure; the preceding numerical values 
therefore are valid at the given pressure not only for the state of 
saturation, but also for the region of superheat. 

Finally we must derive, for superheated vapors, 
the values of those heat quantities which were designated as steam 
heat and as total heat when considering saturated vapors. 

From equation (20), p. 225, and with the help of equations (30) 
and (47), i.e., if we employ 

AB . dt p 
Cp=— and v-=45, 


we get the increment of energy dU : 


dU^'^^-—dp-d(pv)+pv^, 

and if we eliminate BT, with the help of the equation of condition 
(44), we get 

dU =—d{pv) + - ^ Cp^'^^dp (54) 


m 


Here the two constants m and n are still assumed as different; 
but for the vapor of water these constants were found to 
be alike, and if in addition we substitute the constant k in place 
of m, according to equation (32), p. 232, we shall get for the 
vapor of water the equation 




d(pv) 


( 55 ) 
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Here a =273 [491.4] means the reciprocal value of the coefficient 
of expansion of a perfect gas, the reciprocal value of the so- 
called coefficient of expansion at constant volume, hence with 
change of pressure, and the coefficient of expansion at constant 
pressure, hence with change of volume; if the latter coefficient 
itself is designated by and the other by then we have for 
the superheated vapor of water 


a.= (52) 

and 

~ ^ • ••«••••• (53) 

Both formulas give for gases, for which G=0, 

a^=aj,= - =0.003665 [0.002035]. 

On the other hand the formulas make the two coefficients of 
expansion greater for vapors than for gases and different from 
each other; it is at once evident from the two formulas that the 
coefficient ap for change of volume is greater than the value 
ap for change of pressure; finally both equations show that both 
kinds of the coefficients of expansion are greater the higher the 
pressure considered. 

These are all propositions which Regnault derived from 
his experiments on the behavior of gaseous bodies and concerning 
which an outline was given in Vol. I, pp. 97 and 98, of this 
treatise. 

According to equations (52) and (53) and with the help of the 
tabulation on p. 238, for the vapor of water in a saturatcfl con- 
dition, the aforesaid coefficients of expansion have been computed 
for several pressure values. 
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and from this, because 

Cp= 0.4805, 


we get the limit value of c„; 

c«=0.3604 and ^=1.3333. 

As we must substitute for the vapor of water n= to = 0.25 we 
get for the state of saturation, from equation (51), the 
following values belonging to the assumed pressures p: 

p=0.1 0.5 1 5 10 atmospheres. 

Cj,_c„=0.1267 0.1289 0.1301 0.1335 0.1353 

c„ =0.3538 0.3516 0.3504 0.3470 0.3452 

^ = 1.3581 1.3664 1.3713 1.3849 1.3920 

We see that the specific heat c* changes but slowly so that we 
may sometimes, in certain approximate computations, make use 
of a constant mean value; there are no experimental investigations 
on hand for c„ nor for the ratio indeed the former value for 
gases was not determined directly, and in determining the aforesaid 
ratio for gases the results differed as much from each other as 
the values just found for the vapor of water. 

In any case the results of the foregoing calculations do not 
contradict any known fact, and may therefore be regarded as valid 
and acceptable for technical investigations under the limitations 
fixed beforehand on p. 224. 

Let us now join to the preceding investigation one on the 
magnitude of the coefficient of expansion of superheated vapors. 

If we substitute the supplementary term R=Cp^ of the equa- 
tion of condition in equations (67) and (68), Vol. I, p. 142, there 
follows 


B{a—a„) = (1 —n)Op% 
S(o— Op) =Cp". . . 


. . (52a> 
. . (53o)i 
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These, however, a,re the same equations 
which were established before for gases 
(Vol. I, p. 134); the sole difference consists in the fact that here 
the specific heat c„ for constant ’volume is a variable quantity 
which must be determined more exactly and that consequently 
the constant k does not represent the ratio Cj,:c„ as is the case 
with gases. 

With the fact emphasized here, which for the present is of 
course only valid for the vapor of 'water, there is 
connected a great advantage for technical computations; this is 
so considerable that, as long as the exact form of the equation of 
condition is not known, we may use the preceding formulas and 
the approximate equation of condition which was taken as a basis, 
even if the latter does reproduce less perfectly the experimental 
results. 

In the discussion of the whole problem we might have started 
with the preceding equations (50) as results given by the theory 
of gases and derived the above form of the equation of condition of 
superheated vapor from the assumptions that Cp and k are constant 
but that c„ is variable. The other assumption that c„ and a are 
•constant while Cp is variable would have led, in the same way, to 
H i r n ’ s form of the equation of condition. ^ 

As regards the variable value of the specific heat c„ we can 
■determine it from equation (46) with the help of equations (47) 
and (44), after some simple transformations; 


AB 


■c„=- 


l-(l-n) 


BT 


. . . (51) 


The formula shows that with increasing temperature T, i.e., with 
growing superheat, the difference of the two specific values ap)- 
proaches the constant value AB; the limit value for the vapor of 
■water is 

Cp—c,= 0.1201, 


^See author’s article, “tjber das Verhaltea der iiberh.itzteD. und gemischtea 
Wasserdampfe.” Ziviliagenieiar, Vol. XIII, 1867, p. 347. 
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B^ = v+nCp”'~^ and B^=p. • • • (47) 

From equation (30) we get the auxiliary constant 

AB 
m = — , 

. Cp ’ 

and with this the second of equations (47) becomes 

dt A 



From equation (46) follows 

dt dt AT 

'dv 

an(i from this, with the help of equations (47) and (44), we get, 
after some transformations, 

'dt A 

(49) 

If we now use equations (48) and (49) in equations (45) we shall get 
the three identical equations which are valid for the superheated 

vapor of water. But as we must substitute for this 
vapor 

K — \ 1 

m=n= = — , 

K 4’ 

we get for this case, in place of the fundamental equations (45), 
dQ = — T (vdp 4- Kpdv) , 

K i 

dQ=c,[dr+(/c-l)Ty], 
dO=cp[dir-^r^j. 


• . ( 50 ) 
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The difference between formula (43) and the numerous other 
empirical formulas which have been set up for the relation between 
pressure and temperature of saturated steam consists in its con- 
stants having a definite significance resulting from the above 
developments. By slightly changing the constants occurring 
in equation (43) a better agreement of the calculated results with 
Regnault’s experiments could be brought about, but this 
would efface the difference indicated. 


§ 31. THE HEAT EQUATIONS OF SUPERHEATED 

VAPORS. 

With the equation of condition 

pv = BT-Cp^ (44) 


as a basis and with the assumption that the specific heat Cp of 
steam is constant within the assumed limits, we can transform 
the always valid fundamental equations 
(III6), Vol. I, p. 143, into forms which are valid for the vapor of 
water. The three identical equations are: 


dQ=c^^dp+Cp:^dv 



dt- gjdp . 


moreover, equation (II6) was there found to be 

(46) 


By differentiation of the equation of condition (44) we find 
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and D were given; if we determine p from this and sul)sti(ute the 
value in the supplementary term R=Cp”' of equation (39), there 


follows 


R=CD^v-^^, 


and then we get from equation pv=BT-R the equation of con- 
dition in the form in which it was given by Him and Gustav 
Schmidt (see p. 227). From this we can conclude that in 
the vicinity of the limit curve this equation will furnish nearly 

the same results as equation (39). 

If we determine the value v from equation (42) and substitute 
it in equation (39) there follows 

1 azl 

BT=Di‘p i‘ +Cp’^, 


which can be written in the form 

T=ap''+^p’^ (43) 

If we use the values given above for the several constants we 
can substitute in this formula 

i;=^^ =0.0607, n= 0.2500, 

P" , 

logio a =2.5249094 and logio;S= 1.5809979. 
iVom this we get, for example : 


Pressure p 
in 

Atmosplieres. 

Temperature of Steam. 

According to 
Equation (43). 

According to 
Regnault 
(Table 11 of the 
Appendix). 

1 

100.00° 

100.00° 

3 

135.14 

133.91 

6 

160.00 

159.22 

9 

175.68 

175.77 

12 

187,34 

188.41 
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Volume V. 

Pressure 
p mm. 

According to 
Battelli. 
Oberved. 

According to 
Eq ation (40). 
Computed 
(Tumlirz). 

According to 
Equation (41). 
Comp .ted. 

Isothermal for i = 144.21° C. [291.578 

° F.]. 

393.2 

3.6204 

3.6352 

3.6663 

788.6 

1.8042 

1.8088 

1.7992 

1511.4 

0.9376 

0.9397 

0.9219 

3061.9* 

0.4572 

0.4596 

0.4544 

Isothermal for i = 182.90° C. [361.22' 

°F.]. 

708.7 

2.2043 

2.2012 

2.2064 

1518.1 

1.0212 

1.0231 

1.0132 

4955.0 

0.3104 

0.3076 

0.2987 

7971.4* 

0.1876 

0.1880 j 

0.1819 


The pressures designated by * relate to the state of saturation. 


Nevertheless it is worthy of note that the empirical formula 
(40) by T u m 1 i r 2 , within the wide region covered by Bat- 
tellies experiments, shows a very satisfactory agreement with 
these experiments it can also be written in the form 


pv^BT-Cf, (40a) 

where the term of correction R of the general form (25), p. 229,. 
also appears as only a function of the pressure p; disregarding 
the changed values of the constants B and C, it is simply neces- 
sary to assume 7i = l in equation (41) or (39); for p in kg. :sq. m. 
[lb. -.sq.ft.] we take jB=46.700 [5 = 74.808]. 

As a supplement to the preceding investigations we will add a 
few remarks. 

In saturated steam the pressure p and the volume: 
V are connected within wide limits by the equation 

pv^=D, (42) 

as was shown with equation (33), p. 37, where the constants p* 

^ Sitzungsberichte der Kaiserl. Akademie der Wissenschaften in Wien., 
Mathem.-naturw’. Klasse, Vol. CVII, Section II, October 1899. 
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If we compute for the same temperature and the same pressure 
the specific volume v of atmospheric air, then the ratio v ,v gives 
the weight of the steam relatively to the air j for example, for one 
atmosphere pressure and temperatures of 100^, 150°, and 200® C,^ 
we get, respectively, 0.6401, 0.6316, and 0.6250; this vshows that, 
as the superheating grows, these ratios diminish and have by no 
means constant values, as would result if the steam followed the 
law of Mariotte and Gay-Lussac. 

Now here is the place to return to the extensive experimental 
determinations of Battelli of which mention was made on 
p. 49, where saturated steam was considered. 

For each of the isothermals of the series of temperatures givcm 
in table on p. 48 Battelli observed and recorded the specific 
volume of superheated steam at pressures which were different 
and below the saturation pressure of temperature under consider- 
ation. 242 observations are reported in all; T u m 1 i r z ^ empiri- 
cal formula contains p in millimeters of mercury [pounds per 
square inch] and is as follows (see p. 49) : 

pr=3.4348 T -0.008402 p (40) 

[pr=0.5911ir-0.13459p]. 

He used it to compute v and compared the results obtained with 
those of Battelli. 

On the other hand our equation, given on p. 237, takes the 
following form: 

pv = 3.74616 T - 27.1876 (41) 

[pr= 0.64459 T -22.5819 -^p]. 

A few cases, taken at random, give us the following results. 

From this survey we may conclude that equation (41) or (39) 
is well suited for the solution of technical problems, particularly 
for such higher temperatures as occur with steam engines, and 
may be continued to be used because it confirms observations 
along other lines existing for superheated steam. 
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ure incorporated, .because these values are frequently used in 
practical calculations. 

Comparison of the values of the second and third columns 
shows excellent agreement; only with very low pressures do dif- 
ferences appear; by a very slight variation of the constants in the 
case of low pressure there could be produced here also an agree- 
ment which would be very satisfactory in every respect, if there 
were any need for so doing. 

According to equation (39), we can also calculate the volume 
of the superheated steam for any pressure whatever, and for any 
temperature; if we substitute T==273 + i{and if = 100, 110, 120, etc., 
we get, for example, for superheated steam of one atmosphere 
pressure the following tabulation of the values of the specific 
volumes : 


i=100° 

u = 1.6506 cbm. 

0 

o 

o 

II 

7;= 1.9463 

110 

1.6999 

170 

1.9956 

120 

1.7492 

180 

2.0449 

130 

1.7984 

190 

2.0942 

140 

1.8477 

200 

2.1435 

150 

1.8970 

210 

2.1927 


Him has observed the specific volume for a few values of the 
pressure and of the temperature; the following little survey shows 
how excellently his experimental results agree with the results of 
our formula. 


Pressure 

in 

Atmospheres 

Temperature 

Celsius, 

t 

Temperature 

Fahrenheit. 

t 

Specific 
Cubic ] 
According to 
Hirn^s 

Experiments. 

Volumes, 

Meters. 

According to 
Equation (39). 

1 

118.6 

245.3 

1.7400 

1.7417 

1 

141 

286.8 

1.8500 

1.8526 

3 

200 

392.0 

0.6970 

0.6947 

4 

165 

329,0 

0.4822 

0.4733 , 

4 

200 

'392.0 

0.5220 

0.6164 

4 

246 

474.8 

0.5752 

0.5731 

5 

162.5 

324.5 

0.3758 

0.3731 

5 

205 

' 

401.0 

0.4140 

0.4150 
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Finally, if the pressure is given in millimeter.^ of mercury 
[pounds per square inch] we must assume 

5=3.74616, (7=27.1876, and n = j 

[5=0.644592, (7=22.581875, and 

The fact that the exponent n arising in the equation of con- 
dition coincides for steam with the magnitude of the value as 
will appear from further investigation, is a particularly favorable 
circumstance. 


1. 

2. 

3. • 

4. 

w 

[1] 


Specific Volumes of 

Value of 

Value of 


Pressure 

in 

Saturated Steam. 


C 

-r 

PresBure 

Atmospheres 

According to 

According to 


p«lb. per 

in Ih, per 

(10333 kg.) 

Table 11 of 

Equation 

(jl — [J.ZDJ. 

sq. in. 

wp in. 

Appendix, 

(39). 


(» = 0.25). 


1 

0.1 

14.533 

14.677 

21.429 

39.021 

0.147 

0.2 

7.543 i 

7.583 

25.483 

45.873 

0.294 

0.5 

3.172 

3.181 

32.043 

57.682 

7,348 

1 

1.6505 

1.6506 

38.106 

68.599 

14.697 

2 

0.8S99 

0.8583 

45.316 

81.575 

29.393 

3 

0.5875 

0.5861 

50.151 

90.278 

44.090 

4 

0.4484 

0.4474 

53.891 

97.010 

67.496 

$ 

0.3636 

0.3630 

56.982 

102.576 

73.485 

6 

0.3064 

0.3060 

59.640 

107.359 

88.180 

7 

0.2652 

0.2650 

61.983 

111.577 

102.887 

8 

0.2339 

0.2339 

64.087 

115.465 

117.572 

9 

0.2095 

0.2096 

66.002 

118.812 

132.270 

10 

0.1897 

0-1900 

1 67.764 

121.983 

146.97 

11 

0.1735 

0.1739 

69.398 

124.925 

161.66 

12 

0.1599 

0.1604 

70.924 

127.378 

176.36 

13 

! 0.1483 

0.1489 

72.357 

: 130.252 

191.06 

14 

0.1383 

0,1383 

73.711 

132.688 

205.5 


In order to recognize the reliability of equation (39), let us 
first apply it to the state of saturation. In the preceding table 
there is inserted for the different values of the pressure (Col. 1) 
the specific volume of dry-saturated steam, as adduced in Table 
11 of the Appendix; Col. 3 contains this same quantity calculated 
by formula (39) with the help of the constants just given; in Col. 
4 the corresponding values of 
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assumptions, namely, that for steam the specific heat Cp at constant 
pressure is a constant, and that the supplementary term R of the 
equation of condition for superheated steam can be regarded as 
a function of the pressure alone. We now add to the following 
in-vestigations the further hypothesis that the correction term R 
can be used in the form 

R^Cp^, (38) 

whereupon the equation of condition appears in the form 

pv^BT-Cp\ (39) 

an equation to which attention was called on p. 227. 

In the preceding formula C, n and B as well, represent constant 
quantities for the steam considered. The constant B for steam 

is found from equation (30) with Cp = 0.4805 and w = j, and then 

4 

follows from equation (32) • 

If we suppose the specific pressure p of the steam to be given 
(in kilograms per sq. m. [in pounds per square foot]), and the specific 
volume V (in cubic meters per kilogram [in cubic feet per pound]), 
then the above-established equation of condition reproduces almost 
everything which has thus far been experimentally established 
relatively to steam, when we substitute 

5=50.933, G=192.50, and 

[5= 92.835, G=938.82, and 

On the other hand, if the pressure is given in atmospheres (one 
atmosphere taken at 10333 kg. [2116.3 lb. per sq. ft.]) we must 
make 

5=0.0049287, C=0.187815, and n=\ 

4 

[5=0.043862, C=3.00859, and n = ^]. 
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and therefore we will have from the preceding equation, for the 
specific heat Cp of steam, estimated from the state of saturation, 
the following expression: 

Cp=0M5 + (ABT~Apu)^^ (37) 


If steam followed the law of M a r i o 1 1 e and Gay- 
Lussac up to the point of saturation, we could assume pu=BT 
with sufficient accuracy and consequently take Cp= 0.305, and this 
was in fact pointed out by R e d t e n b a c h e r and Kirch- 
h 0 f f , from entirely different considerations. 

Equation (37) gives us the means of computing the specific 
heat Cp, for we know for steam, from Table la of the Appendix, 
the value of 


Apu and 


dp 

pdt 


for different temperatures, and according to equation (34), p. 233, 
we may take AJ5 =0.1201. 

Calculation gives for 

0° 50° 100® 150° 200® 

Cp=0.4258 0.4650 0.4685 0.4842 0.5055; 

of course this shows that the specific heat Cp of steam is by no 
means a constant quantity but rather that, in the vicinity of the 
limit curve, it increases slowly with growing temperature. That the 
specific heat Cp of steam is really variable is doubtless true; but 
we would not be justified in judging of its variability by the pre- 
ceding tabulation, for the bases for the calculations instituted 
are themselves fluctuating. In steam engineering the pressure 
limits lie between 0.1 and 15 atmospheres, and the temperature 
limits therefore lie between 50° C. [122° F.] and 200® C. [392° F.]. 

If we take the mean of the last four values of the preceding 
tabulation we get Cp= 0.4808, almost exactly the same value which 
resulted from the experiments of Regnault, a value to 
which we will hold fast in what follows. 

These preparations were intended to show the reliability of the 
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pheric pressure and fog appeared in the interior of the vc^ssed, 
which was provided on opposite sides with glass plates. The 
appearance of fog was a proof that at the lower pressure the. state 
of saturation had just been reached and this determined the corre- 
sponding lower limit of temperature. 

Grashof^ computed from equation (31), p. 231, and from 
the experiments by the physicists mentioned, the exponent m, 
and found nearly the same value for all experiments; in the mean 
there was found m = 0.236. But even at that time^ I pointed 
out that the value calculated from these experiments must; turn 
out too small, for G r a s h o f \s computation assumed that in 
the experiments of Him and Gazin just mentioned there 
was adiabatic expansion. 

Short as the duration of each individual experiment was, 
some heat was imparted by the walls of the v(\ss(J 
to the expanding, discharging steam; the real curve of Cixpansiori 
in such an experiment will not coincide with the adiabatic., l)ut 
will pass above the latter; this fact is taken into account if 
we make the exponent of the real adiabatic somewhat grc^alcT 
than that given by the experiments. 

The value m=0.25, assumed above, may therefore be regarded 
as sufficiently confirmed by the experiments referred to. 

For the purpose of further discussing the question we will now 
draw on equation (21), p. 226; if we think of dry saturated vaj)or 

and again take also, as before, u=v—o, we get 

(I«) 

According to Regnault, the total heat of saturated steam 
is 

;i ==606.5 +0.305 i 
[A=lO91.7+O.3O50-32)], 


^ '"Versuche uber die Ausdehnung des iiberhitzten Wasserdampfea."' Zeit- 
fichrift des Vereins deutscher Ingwiieure, VoL XI, 1867, p. 404. 

* Remarks on the Experiments of Him and Gazin, ^'tJber die Ausdeh- 
nung iiberhitzten Wasserdampfes.^' Ibid., p. 623. 
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r = 


r cdt 


(see p. 59), where c represents the specific heat of water, there 
follows 


dr r 

mCp 


Tdp 

pdf 


or designating the temperature function of the left member by h,, 
as was done in equation (56), p. 60, we have 


h = Cp—mcp 


Tdp 
pdt ' 


(35) 


From this equation m can be computed for different values of 
the temperature, as the following survey shows. Here Cp= 0.4805 
was used and h was computed from the formula given for steam 
on p. 68, with the help of the values given in Col. 6 in Table la. 
of the Appendix. 


t 

h 

rpdv 

m 

\ 

o°c. 

-1.9168 

19.520 

0.255 

50 1 

-1.4648 

16.083 

0.252 

100 

-1.1333 

13.344 

0.251 

150 

-0.8789 

11.359 

0.249 

200 

-0.6766 

9.851 

0.244 



Mean: 0.250 


The value assumed for m also finds confirmation here; more- 
over there exist direct experiments which serve for its determina- 
tion. 

Hirn and Cazin^ have proved the reliability of equation 
(31), p. 231, by interesting experiments; they allowed super- 
heated steam of different initial pressures and observed initiAl 
temperature to flow from a wide orifice in a reservoir immer s ed in 
an oil bath till the inner pressure had fallen to the external atmos- 


^ Comptes lendus, 1866. 
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K= 1.3333= I, 

O 


while substituting Briggs' logarithms in place of the natural 
logarithms makes . 


r 

T+y=0.2766 logy-1.0933 (33a) 

TABLE FOR VAPOR OF WATER. 


Pressure in 
Atmospheres 
(1 Atm. = 10;i33 kg.). 

Temperature 
(Celsius) 
according 
to Regnault. 

Temperature 
(Fahrenheit) 
according 
to Regnault. 

Value 0 

According 
to Col. 7, 
Table p. 63. 

fr+^. ^ 

According 
to Equation 
(33a). 

0.1 

40.21° 

115.178° 

1.9548 

1 . 9538 

0.2 

60.45 

140.810 

1.8929 

1.8912 

0.5 

81.71 

179.078 

1.8116 

1.8111 

1 

100.00 

212.000 

1.7519 

1.7520 

2 

120.60 

249.080 

1.6940 

1.6946 

3 

133.91 

273.038 

1.6612 

1.6619 

4 

144.00 

291.200 

1.6384 

1.6391 

5 

152.22 

305.996 

1.6209 

1.6217 

6 

159.22 

318.596 

1.6071 

1 . 6076 

7 

165.34 

329.612 

1.5955 

1 . 5958 

8 

170.81 

339.458 

1.5856 

1 . 5858 

9 

175.77 

348.386 

1.5769 

1 . 5769 

10 

180.31 

356.558 

1.5691 

1.5691 

11 

184.50 

364.100 

1.5625 

1 . 5621 

12 

188.41 

371.138 

1.5563 

1 . 5557 

13 

192.08 

377.744 

1-5506 

1 . 5503 

14 

195.53 

383.954 

1 . 5454 

1 . 5445 


Consequently for steam, between the wide range of pressure 
limits of 0.1 to 14 atmospheres, limits which are rarely overstepped 
at this time in steam engineering, we can regard the constant 
•m=0.25 as sufficiently safe and then, according to equation (30), 
substitute for steam 


AS =0.1201 and 5=50.933 .... (34) 

[J[5=0.1201 5=92.835]. 

The reliability of the assumption made is apparent from the 
following consideration. If we differentiate equation (33) and 
consider the relation 
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1 

K=Z • 

1—m J 


In so doing of course the question arises whether the constant k in 
vapors, as in gases, represents the ratio of the specific heats (cpic^); 
but we may even now remark that the following investigations 
show that this assumption is not permissible, but rather 
that in steam the ratio is a variable magnitude. 

Let us substitute in equation (28) the value of IT, resulting 
from equation (31), remembering that in Fig. 25 the pressure p 
is identical with p 2 , then there follows, after a simple transforma- 
tion, 



1 ^ r-2 ,7^2 

- Cp loge = -^2 + ^ - Cp loge — , 


Tl 


with the result that within the limits of the whole development the 
expression 


T T 


must have one and the same value for every point in the limit curve. 

If we designate the constant in question by K we must have 

y 

The question now is whether, with Cp= 0.4805 and with the 
values of this left member given in Col. 7 of the table on p. 6^1, 
the results of the preceding expression are reliable when the quanti- 
ties m and K are correctly chosen. We really do get an excellent 
agreement, as the following table shows, if we get 

m =0.25=1 


and, according to equation (32), 
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and accordingly we can find, for every point of a particular adia- 
batic for which the pressure 7 )=p 2 is given, the temperature T oi 
the corresponding superheated steam. 

Differentiating equation (25) with respect to v, under the sup- 
position that R is only a function of p, there follows 

dv^B’ 

and according to the third of the generally valid equations (III5), 
Vol. I, p. 143, we get 

dQ^Cjdt-ABT^ (29) 

From this we have for the adiabatic change of state, i.e., for dQ=0, 


T ~ p' 

Assuming Cp as constant and abbreviating, by making 

AB 


(30) 


we get for the adiabatic Ai (Fig. 25) 



It follows from this that, under the assumptions made, super- 
heated steam behaves exactly like a gas so far as change of 
temperature with the pressure is concerned, when 
experiencing adiabatic change of state. According to equation 
(61), Vol. I, p. 139, there was found for adiabatic change of gases 
the relation 



and from this follows that if we substitute for steam in place of the 
constant m the constant k (equation 30), i.e., make 
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Cp— 0.4805, 

which value will be taken as the basis of the following consii Icrat ion. 

In Fig. 25 let two adiahatics Ao and ylj be passed through 
the two points ZV and Ti on tiie right- 
4, ^ hand portion of the limit curve for sleatii, 

\\ { and let these points correspond to tlie 

\\ ' temperatures T-j, and Ti, and let tlieaiii- 

\vA abatics ext(‘nd into the superheated field. 

Let p2 and ay he? the pressure and voliiimt 
of dry .ssiturated .steam, corresponding to 
^ ^ P‘'"d la* 

Jl LJ_ — ^ven by jh and n,. 

Fig. 26 . " Starting from the forituTly prov<*d 

proposition that for every transition 
from a particular adiabatic curve to a prescribed second oiu; tlu; 
heat weight or the entropy, 


riik. ■ 

J AT’ 


has the same value, then for the presemt case we g(»t from erjuatinn 
(58), p. 61, for the transition on the limit curve from 7*2 to Ti, 

^Pi-^P2=(ri+^)-(r2 + ^), . . . f2(i) 

because on the limit curve the steam quality is constant , and we 
may make ir— 1 for all its points. On the other hand if vre start 
from the point on the first adiabatic Az, in a horizontal direc- 
tion TzT (and therefore under constant pressure p-p^, and pn.«s 
to the point T of the second adiabatic 2 I 1 , we find, because dO 
CjAT, 

T 

^Pi-APa-Z^-Cplog.^ (27) 


T 

Cp log* 


Combination with equation {2&) then gives the relation 
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j)V=BT- 


C 

pyn’ 


in this formula B, C and n are constants, and when p is expressed 
in kg.:sq. m. [lb. :sq. in.] we get 


5=46.968, 5=1315.11 and «=f 
[5=85.609, 5=56657.4 and »=|]. 


§ 30. SUPERHEATED STEAM. 

The advantage of employing superheated steam to run steam 
engines has long been known in Thermodynamics; the first ex- 
periments in this direction were made by Him, who was prob- 
ably inspired in his practical investigations by theoretical con- 
siderations. 

In recent years the use of superheated steam for engines has 
been quite extensive, so that it seems appropriate that the basis 
for the calculation of such engines should be established. Of 
course, in so doing, we must start with certain hypotheses which 
must be justified. 

We start from the general form of the equation of condition 
pv=BT-R, (25) 


and assume that the supplementary term R may be regarded as 
a function of p alone in the case of the vapor of water. 

Furthermore let us assume, always remembering the four 
requirements mentioned on p. 224, that the specific heat Cp, at con- 
stant pressure for the vapor of water, may be regarded as a con- 
stant magnitude within the present limits of technical 
investigations. 

This assumption is sufficiently justified by Regnault’s 
experimental results; he finds from four experimental series, for 
the vapor of water. 


Cp=0.46881, 0.48111, 0.48080, 0.47963, 

and says that only the first of these values is not perfectly reliable; 
as a mean of the rest there is found 
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as a function of p, as in equation (23), has also been given by 
Weyrauch^ and has the form 

pv^BT-{BT'-ps); 

here T' and s represent the temperature and specific volume of 
the dry saturated steam, possessing the same pressure as the 
superheated steam under consideration; but the last-mentioned 
values must be taken from existing steam tables, when using the 
preceding formula, and in any case must be regarded as known. 

Finally, for the sake of completeness we will mention a few 
other proposals with respect to the form of the equation of con- 
dition of vapors, R a n k i n e ^ gives the following equation : 

P- V 

where B and C are constant quantities; if we substitute in the 
first term of the right member v-a in place of v, and in the second 
term v-b^ in place of v, we get the equation of condition of 
Clausius (equation (5), p. 215), provided we here regard a and 
/3 as constants. 

Giildberg^ suggests the following formula : 
pv=BT—Cp~ 


in which equation 5, C, D and c are constant magnitudes, and he 
shows that it satisfactorily reproduces, for the vapor of water and 
ether, the specific volume v for the saturated condition and for 
different pressures within the limits of experiment. Finally men- 
tion may be made of Ritter’s^ equation for the vapor of 
water, namely. 


^Weyrauch, “Von den iiberhitzten Dampfen.’’ Zeitschrift des Vereins 
deutscher Ingenieure, Vol. XX, 1876, pp. 1 and 71. 

^ Phil. Trans, for 1854, p. 336. 

^Giildberg, “fiber die Zustandsgleichiingen der Kdrper.^' TJeitschrift 
des Vereins deutscher Ingenieure, Vol. XII, 1868, p. 673. 

^Ritter, “fiber die Temperaturflache des Wasserdampfes.^’ Wiedc- 
mann^s Annalen der Physik und Chemie. New Series, Vol. Ill, 1878, p. 447 
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pv=BT — 


pyn.’ 


in this formula B, C and n are constants, and when p is expressed 
in kg.:sq. na. [lb.:sq. in.] we get 


5=46.968, C=1315.11 and n=| 
[5=85.609, 0=56657.4 and »=|]. 


§ 30. SUPERHEATED STEAM. 

The advantage of employing superheated steam to run steam 
engines has long been known in Thermodynamics; the first ex- 
periments in this direction were made by Him, who was prob- 
ably inspired in his practical investigations by theoretical con- 
siderations. 

In recent years the use of superheated steam for engines has 
been quite extensive, so that it seems appropriate that the basis 
for the calculation of such engines should be established. Of 
course, in so doing, we must start with certain hypotheses which 
must be justified. 

We start from the general form of the equation of condition 

pv=BT-R, (25) 

and assume that the supplementary term R may be regarded as 
a function of p alone in the case of the vapor of water. 

Furthermore let us assume, always remembering the four 
requirements mentioned on p. 224, that the specific heat Cp, at con- 
stant pressure for the vapor of water, may be regarded as a con- 
stant magnitude within the present limits of technical 
investigations. 

This assumption is sufficiently justified by Regnault’s 
experimental results; he finds from four experimental series, for 
the vapor of water, 

Cp=0.46881, 0.48111, 0.48080, 0.47963, 

and says that only the first of these values is not perfectly reliable; 
as a mean of the rest there is found 


228 


TECHNICAL THERMODYNAMICS. 


as a function of p, as in equation (23), has also been 
Weyrauch^ and has the form 

pv^BT-(Br-ps); 

here T' and s represent the temperature and specific 
the dry saturated steam, possessing the same pressure* ^ 

superheated steam under consideration; but the last-xu<*nt 
values must be taken from existing steam tables, when t 

preceding formula, and in any case must be regarded as 

Finally, for the sake of completeness we will mentio^ri u 
other proposals with respect to the form of the equatioix ^ 
dition of vapors. R a n k i n gives the following equnt ici>n : 

where B and C are constant quantities; if we substitute* ixx t. 
first term of the right member in place of v, and in tin * Hf 
term in place of v, we get the equation of com lit irnti 
Clausius (equation (5), p. 215), provided we here reg^r^ 1 ^ 

^ as constants. 

Giildberg^ suggests the following formula : 

pv=BT —Cp~ — 


in which equation 5, C, D and e are constant magnitudee^^ ami 1 
shows that it satisfactorily reproduces, for the vapor of wxi.t c*x* iir 
ether, the specific volume v for the saturated condition aiici f< 
different pressures within the limits of experiment. Filially iiie] 
tion may be made of Ritter’s^ equation for the va|ior < 
water, namely, 

^Weyrauch, ‘‘Von den iiberhitzten Dampfen.^’ 2eitschrift ci€ 5 » 
doutscher Ingenieure, Vol. XX, 1876, pp. 1 and 71. 

2 Phil. Trans, for 1854, p. 336. 

®Guldberg, '‘fiber die Zustandsgleichungen der Korper.^' 
des Vereins deutscher Ingenieure, Vol. Xll, 1868, p. 673. 

^Ritter, “Uber die Temperaturflache des Wasserdampfes.^^ ^Vlcicl 

mann’s Annalen der Physik und Chemie. New Series, Vol. Ill, 187S , 44Y 
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and those most serviceable for technical calculations, which ful- 
fill the requirements made on p. 224, are obtained when B is as- 

'dR 

sumed as only a function of p, i.e., when =0 is assumed.^ It 

has been found that R=Cp'^ is a suitable form for R, so that the 
equation of condition for the vapor of water becomes 

pv=BT — Cp”, (23) 

in which equation B, C, and n are constants still to be determined. 
The following investigations will establish the reliability of the 
formula; its special usefulness for technical calculations is due to 
the fact that with its help the specific volume v of the steam can 
l)e determined directly and easily from the pressure p and the 
temperature T. 

Another form of the equation of condition for the vapor of 
water is 

pv^BT-Cv-^, . (24) 

and was first proposed by Hirn^ and was developed later by 
Gust a'v S c h m i d t Comparison with equation (19) shows 
that hero the function R is regarded only as a function of v, 
the constants B, C, and n have here, of course, other values than 
those used in equation (23). But for the case occurring most 
often in technical calculations, in which the specific volume v is 
to be computed, equation (24) is very inconvenient, for the deter- 
mination of d can only be found by trial; in this connection the 
equation presents the same difficulties as the equations of van 
<ler Waals, Clausius and S a r r a u , given in § 28. 

An equation of condition in which the term R appears only 

^ See the author’s articles: 1. ‘^Theorie der iiberhitzten Wasserdampfe.'^ 
&itschrift des Vereins deutscher Ingenieure, Vol. XI, 1867, p. 41. — 2. ^*Uber 
das Verhaiten der iiberhitzten und gemischten Wasserd^mpfe.” Zivilingenieur, 
Vol. XIll, 1867, p. 343.-3. ''Zur Theorie der Kaltdampfmaschinen.’’ Anhang; 
Verhaiten der Ammoniakdampfe. Zivilingenieur, Vol. XX VII, 1881, p. 449. 

-Him and C a z i n, ^‘M too ire sur la dtonte de la vapeur d’eau sur- 
chauff6e.” Ann. de Chim. et de Phys., 4th series, Vol. X, 1867, p. 365. 

^Gustav Schmidt, *^I)ie Zustandsgleichung des VVasserdampfes.’' 
^eitschriit des Vereins deutscher Ingenieure, Vol. XI, 1867, pp. 649 and 771. 
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Differentiating this equation and remembering dJ =AdU, there 
follows 

dX^AdU +Adipv - pa) , 
and hence, by combining with equation (20), 


,1 1 A r 1 

dX=Cpdt+Ap{v—a)— — -^dp. 

dv 


If, in the equation of condition (19), we consider the quantity 
as a function of p and v there will follow from it 


dt 1 / dR\ 
dv~ Bv'^dv)’ 


and with this help the last equation but one gives 


dX = Cpdt +Ap(v—a)~ 


ABT , 

^j^dp. . 


. . ( 21 ) 


In these developments of course we cling to the assumption made 
above that the specific volume a of the liquid can be regarded as 
a constant, which is permissible in vapors that, at ordinarily occur- 
ring temperatures, lie far below the critical temperature. 

The preceding equation moreover is still valid for every degree 
of superheating. If we think specially of the condition of satura- 
tion, then the total heat X is composed of the liquid q and the 
latent heat r (see p. 22), and we get from the relation A=g+r, by 
differentiation, 


-- — 
dt 


(22) 


here in cak the latent heat r is known as a function of the tem- 
perature we can find in combination with the preceding formula the 
specific heat c of the liquid. 

As regards the function R of the equation of condition (19), 
different initial assumptions have been made; the simplest formulas 
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Wlien investigating gases in Vol. I, p. 141, it was pointed out 
that the equation of condition of all bodies, without ex- 
ception, could be brought into the form 


pv = BT — R, 


(19) 


where 5 is a constant depending on the body contemplated and 
R is a. function of two of the variables p, v, or T. It is now a 
question of so choosing a form of the function R that the equation 
will fulfill the requirements first mentioned. For the equations 
of condition adduced in § 28, R could be derived for every indi- 
vidual case, but the problem now is to find other simpler forms. 
IVlren investigating the variability of the specific heat of gases 
on pp. 141 and 143 of Vol. I, there were derived, from equations 
(65) to (68), with formula (19) as a basis, some propositions which 
can now be utilized for vapors; first, however, we will derive one 
more equation for the total heat >1 (see p. 22) with the help of 
which we can determine the specific heat c of the. liquid for vapors 
and from it the heat of the liquid q (see p. 22). 

From the equation 


dQ=-AdU+Apdv 


there follows, because 


pdv = d{pv) - P'>^) 


AdU =dQ—Adipv)+Apv- 


dp 


V 


If we employ here for dQ the third of equations (III6), VoL 
I, p. 143, there will result 

AdU=^Cpdt-Ad(pv)+Apv^-^dp. . . . ( 20 ) 

dv 


Now if J is the steam heat, i.e., the heat content for the con- 
dition ip, v), then the heat quantity X necessary for the generation 
of steam at constant pressure is 

X=J+Apiv — a). 
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occur in the neighborhood of the critical temperature, and there- 
fore, in accordance with the circmnstances, one of the above-given 
forms of the equation of condition must be applied. The circum- 
stances are different with the vapor of water; here, in order to 
make the computations convenient for inspection, efforts have 
been made, even before van der Waals’ propositions were 
known, to secure as simple forms as possible for the equation of 
condition, and in this direction there exist a number of different 
suggestions of which a few will be mentioned here. 

For technical purposes the equation of condition must fulfill 
the following requirements : 

1. It must only furnish the relation between v, p, and T 
for the steam state proper, estimated from the state of 
saturation, because, from the previously given and earlier 
presentations, the behavior of the steam and liquid mix- 
tures is sufficiently known. 

2. It must at least correspond to the experimental results 
thus far obtained for the vapor in question within the pres- 
sure and temperature limits occurring in practice. 

3. It should allow the determination of the specific volume v 
of the steam from the pressure p and the temperature T 
to be made as easily as possible, i.e., without laborious 
computations; p and T are here mentioned because they 
are quantities which can easily be ascertained by observa- 
tion and can therefore be ordinarily regarded as given. 

4. Finally the heat equations, developed with the correspond- 
ing equation of condition as a basis, should be simple and 
perspicuous in order that, with its help, the change of state 
of the vapor connected with heat supply may be easily 
followed. 

The requirement under No. 3 is not fulfilled by the equations 
of condition adduced in ,§ 28. The determination of v calls for 
the solution of a cubic equation, a procedure that would be much 
too cumbrous for the frequently occurring cases of the determina- 
tion of V. Still less is the requirement under 4 fulfilled; one here 
encounters equations of extremely complicated form which render 
a survey of the whole course of calculation impossible. 
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a =0.000754 0=45.17 

/? =0.001815 D =0.00737 

B=47.05forpkg.;sq. m. n = 1.24 

C a =0.012078 0=2733.6 — i 

/? =0.029074 D =0.21519 

B =85.758 71 = 1.24 J 

The equating will then furnish us the means of computing 
any one of the three quantities p, v, and T when the other 
two are known, and enable us to do this whether the steam is 
dry saturated or superheated. For example, if, according to 
C a i 1 1 e t e t and Colardeau, we substitute for the crit- 
ical point ifc=365° [698°] and pj;= 200.5 atmospheres (see page 
207), then the formula gives t)fc= 0.005201 [0.08331] for the critical 
temperature of water; while Clausius assumes rj = 3a-t-2;9 = 
0.005892 [0.09438] and, working backward, computes tk=8Z2.82° 
[630.2°] and p*= 134.1 atmosheres, which differs from the newer 
experimental values. It follows from this that the equation given 
by Clausius must experience a fourth transformation, say 
in the manner suggested byBattelli. 

There will be opportunity below of coming back to the forms 
of the equations of condition given in the preceding. 


§ 29. OLDER APPROXIMATE FORMS FOR THE EQUATION 
OF CONDITION OF VAPORS. 

The technically important vapors which play a part in engine 
running are the vapors of w a t e r , ammonia, sulphurous 
acid and carbonic acid, and these give rise to special 
investigations in the following. In so doing, we can make the 
distinction whether the vapor considered in its changes of state 
during its practical application experiences changes of pressure 
and temp>erature which are far distant from the critical values — 
and to this group the vapors of water and ammonia belong, — or 
whether, as is the case with carbonic acid, the changes ordinarily 
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In like manner Planck^ derived the heat of evaporation r> 
of course using the older equation of condition given by Clau- 
sius (the equation (5) mentioned above), in which 


C 

was assumed. 

The inner latent heat p can be found from the relation 
p=r—Apu, hence follows from the preceding equations, after 
a simple reduction, 


p _ ABT^ d/l\ 
u (s +/?) (cr -1-/3) dt\d} 


(16) 


Now, according to Clausius, we must substitute in the 
preceding equations for the function d the expression 


i=CT-»-D, 


(17) 


the quantities C, D, and n being constant values which must be 
known for the vapor considered. 

We finally get, according to Clausius, the equation of 
condition derived from equation (10): 


p 1 CT-»-D 

BT~v—(x. ’ 


(18) 


and just as easily we can bring equations (15) and (16) and also 
equations (12) and (13) into the corresponding form, which can then 
be employed for calculating the specific volumes s and c for the 
steam and the liquid in the saturated condition. 

This second form of the equation of condition by Clau- 
sius contains six constants, given by him for the vapor of ether 
and the vapor of water. 

For the vapor of water we are to substitute 


^Planck, ‘^Die Theorie des S&ttigungszustandesJ^ Wiedemann's Annalen 
der Physik nnd Chemie. New Series, Vol. XIII, 1881, p. 535. 
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logc 


s—a 

o—a 





then he expressed the several quantities p, 5 , o*, and 0 in terms of 
the auxiliary quantity X and set up an auxiliary table, which is 
valid for all vapors, for facilitating the calculations. We will 
give, later on, the final results of the calculations of Clausius, 
but, before doing this, will make the following remark: 

If, as was done above, we substitute s — o=^u, we get at once, 
from equation (11), 


A'pu=ABT log.— 

^ ° G—a 


ABTu 


. ■ (14) 


from which the external latent heat can be computed. 

It is also possible to establish an expression for the heat of 
evaporation r. 

According to the second of equations (Ilia), Vol. I, p. 62, 
namely 

dQ=-^Xdt+Tdvl 

dp 

there can be found the heat quantity dQ which must be imparted 
if the change of state is to take place according to the isothermal 
curve, i.e., for the constant value of T, and we then get 

dQ = AT^dv. 
at 


If we diflFerentiate the equation of condition (10) with respect 
to t, there follows 


dQ^^ABT— 

v—a 


-ABT- 


,d(T_' 

dt\e> 


dv 

{v+l^y’ 


and from this, by integration, for constant temperature 
v = a to v—s, 


r= ABT lose — 
° a— a 


ABTu d/T\ 
{s+p)(a+p) dt\e)- • • • 


from 


( 15 ) 
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the horizontal db must be equal to the area which is bounded by 
the curve between the points b and d; we shall then have 

p{V2-Vi) = Jpdv, 

Vl 

where we must substitute for the quantity p under the integral 
the value found from one of the above-given equations of 
condition. 

Moreover here V 2 signifies the specific volume of dry saturated 
steam and the specific volume of the liquid at the instant at 
which evaporation begins, both taken at the temperature t and 
the corresponding steam pressure p; these magnitudes V 2 and 
vi in the above investigations for saturated vapors were designated 
by s and a, and this notation we will retain in what follows, and, 
at the same time, let p represent saturation pressure correspond- 
ing to the temperature t. 

If we utilize equation (10) in the preceding equation, we get, 
by integration, 

log* -^-e^s+mc +/3) • ' • • 


Furthermore, we get from equation (10), at one .time substitut- 
ing u = s and at another v=a, 


p _ I 1 
BT~s-a dis+§y’ 

_p___l 1 

BT a— a 6{a+^)^' 


( 12 ) 

(13) 


Supposing the function d=F{t) is known, and that the con- 
stants B, a, and ^ are given, then for a particular temperature t 
these three equations will enable us to compute the corresponding 
quantities p, s, and a, and thus determine the course of the limit 
curve from point to point. 

Clausius has very ingeniously continued the discussion, 
by- making 
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the constants B, a, and /3 and the form of the function d. In 
the earlier equation (5) given by Clausius it was assumed 
that <f>=l:T. 

Before we further modify equation (10) we ought to explain 
how the equation of condition enables us to infer the course of 
the limit curve. 

Let us suppose the isothermal curve ahfcgde (Fig. 24) to be 
drawn from the given equation of condition for a temperature 
t which lies below the critical tem- 
perature, then the two points h 
and d correspond to the two points 
on the limit curve (see also Fig. 

23, p. 209); one ought therefore 
to be able to state the height p 
above the axis of abscissas OX at 
which the horizontal bed must be 
drawn in order to obtain these 
points of intersection; the ordi- 
nate p will then also be the pres- 
sure which belongs to the iso- o' 
thermal for the saturated state „ 

corresponding to the temperature 

t. Now we know from experimental observations, for a large 
series of different kinds of vapors, the steam pressure p in 
the saturated condition which corresponds to the temperature 
t, and then the portion of the horizontal bed will at once be 
given, but if we ignore this information, and seek to determine 
this position in a theoretical way, we must have recourse to an 
hypothesis. 

Now Clausius has expressed the view that the quantity 
of heat to be imparted is the same, whether the liquid corre- 
sponding to the point d is converted into dry saturated steam 
(state b) at constant pressure, and therefore under constant tem- 
perature, or whether we effect this change along the imaginary 
path dgcjb of the isothermal; the necessary quantity will then 
in both cases be given by. the latent heat r. From this assump- 
tion it at once follows that the rectangle p(v 2 -vi) bounded by 
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then equation (7) can be written 

BT\ 


o /<N 


9 n 

y2 ^ 0 ^= 0 , 

V V 


and comparison with the formula 

(tt — = U® — Zu^Uk + StCUj? — = 0 

then gives for the critical point, for which ^ = 1, 

BT C 

3uk = S H ZiLi^ = — , u 

■ f fk 

The combination of these formulas gives 

Uk—ZS, Z8pk=BTk, and 27d^pk’=G, 


Cd_ 

pk' 


or 


rt=3a+2|9 and C=-- ^^^~^ -BTk. 


If we substitute the value of C in equation (7) we get 

iu 


p _ 1 27{a+fi) (Tk^ 

BT v—a 8{v+p)^ 


Here Clausius introduces a new temperature function d by 
making 

_8 7L_«. 

27(a+^)r^<^~‘'' 

hence, for the critical point, there follows 


27{a+p) 


(9) 


and then the equation of condition in the form 


pi 1 

BT~v-a~d{v+^f' 


( 10 ) 


which is the form in which Clausius has. given it for a par- 
ticular vapor. Therefore it is here only a question of stating 
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Clausius himself stated that, in all probability, the tem- 
perature T should be introduced in some other form into the 
right member of his equation (5) and not simply as a divisor; 
thereupon S a r r a u ^ showed, utilizing Andrews’ experimen- 
tal results and those of Cailletet and Haute. feuille,^ 
that the following form for the equation of condition for car- 
bonic acid gave very satisfactory agreement within the limits 
of the experiments: 


BT Cb~^ 
v — a 


(6) 


and this exponent represents another constant. The statement 
of the value of . this constant and of the remaining constants will 
here be omitted, for, later on, we will proceed with different 
assumptions for carbonic acid. 

In place of equation (5), we may, according to Clausius, 
write the general relation 

_ BT C<f> 

^ v—a • w 

where <^^F{T) represents a function of the absolute temperature 
T which possesses the value 1 for the critical point, i.e., for !r = !rfc. 
Van der Waals proposed for the form of this function 

4> = e'h (7a) 

but Clausius modifies equation (7), paying particular atten- 
tion to the vapor of ether and to the technically all-important 
vapor of water 

n we again substitute, as when we transformed equation (15), 

and a^p=^d, 


^ S a r r a u, ^'SurP^quation caract^ristique de Tacide carbonique.^^ Complcs 
rendus, VoL Cl, 1885, p. 1145. 

^ Comptes rendus, Vol. XCII, pp. 903 and 1087. 

’Clausius, fiber die theoretische Bestimmung des Dampfdruckes und 
der Volumina des Dampfes und der Flussigkeit.'^ Wiedemann^s Annalen der 
Physik und Chemie. New Series, Vol. XIV, 1881, pp. 279 and 692. 
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In computing these constants, Clausius utilized later 
experiments by Andrews; the older experiments referred to 
isothermals' for the temperatures 13.1°, 31.1°, and 48.1° C., the 
more recent ones to 6.5°, 64°, and 100°. The results of all these 
experiments agree very satisfactorily, as regards the pressure 
and volume, with those derived by the formula of Clausius 
with the help of the given constants. 

In order to derive from equation (5), with the help of the 
preceding constants, the pressure, volume, and temperature for 
the critical point, let us substitute 

and a:+/3 = 5 (5c) 

We then get from equation (5) 




C Cd ^ 

pT~^’ 


and then, by comparison with the relation 


we obtain the equations 

Q „ , C , , Cd 

and hence 


vic=Za+2p, 


Tu jja 
Vk B ’ 
So: +2/9 


. . (5d) 


Utilizing the values given under (5b) for carbonic acid, we 
get, according to the preceding formulas, r'*=304° [547.2°] or 
<fc=31° C. [87.8° F.]; the corresponding pressure being found to 
be Pfc=77 atmospheres and the corresponding specific volume 
i-i= 0.002266 [0.036299], which completely corresponds to 
Andrews’ experiments; this of course is due to the fact that 
Clausius, in fixing his constants, doubtless made use of 
said experimental results. 
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Accordingly, and van der Waals calls attention to it, 
the isothermal will be the same for all bodies if we express the 
pressure in parts of the critical pressure, the volume in parts of 
the critical volume, and the absolute temperature in parts of the 
absolute critical temperature. 


The Equation of Clausius. 

The deviations emphasized above and a further examination of 
the considerations which led van der Waals to the form of 
that term of his equation (equation 2) which takes into account the 
influence of the mutual attraction of the molecules, led Clau- 
sius^ to the following form of the equation of condition : 


BT C 
v—a T(u+/3)2' 


(5) 


Considering especially carbonic acid and letting p 
represent the pressure in kg. per sq. m. [lb. per sq. ft.], and v the 
volume of one kilogram [pound] of carbonic acid in cubic meters, 
[cubic feet], we must substitute, according to Clausius, 


a =0.000426, 

^=0.000494, ■ 

5=19.273, 

0= 5533. 

ra= 0.006824, 

;8= 0.007913, -1 

15 = 35.129, 

0 = 523426. -1 


. . (5a) 


On the other hand, if the pressure is given in atmospheres 
(10333 kg. per sq. m. [2116.3 lb. per sq. ft.]) we must employ the 
constants 

a =0.000426, ^=0.000494 ' 

[a =0.006824, i?=0.007913] 

as before, and make ■ . . . (56) 

.8 = 0.001865 and 0=0.535469 

■ [5=0.016597 and 0=247.33]. 


^Clausius, ^^Uber das Verhalten der KohlensSture in Bezug auf Druck^ 
Volumen und Temperatur.’^ Wiedemann's Annalen der Physik und Chemie^ 
1880. New edition, VoL IX. 
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3vk=a + 


Pk ’ 




.Pk’ 


Ca 

vr= — , 

Pk 


( 4 ) 


and from the combination of these three equations we easily find 
the three quantities corresponding to the vertical point : 


Vk—Za, 


C 

P*' "270:2’ 


Tu = 


8C 

27aB’ 


and pjfci’ife=g5Tfc.- (46) 


If we here use the constants given under (2b) we get for the 
critical point of carbonic acid : 

the specific volume 0.003501 cbm. [0.05608 cu. ft.], 

“ pressure pfc= 61.19 atmospheres, 

“ critical temperature 7’*= 305.40° [549.72°], 
according to Celsius 4 = 32.40°, 

“ “ Fahrenheit 4=90.32°. 


Now of course these values differ not inconsiderably from 
Andrews' observations and from the statements made on 
p. 207. Concerning these deviations van der Waals says 
that am all changes in the constants, particularly in the value of 
a, will bring about a better agreement. If his equation were, 
theoretically well founded, observations of the magnitudes Vk, pk, 
and Tk, at the critical temperature, with the help of equation (46), 
would enable us to work backwards and calculate directly the con- 
stants B, C, and a of the equation of condition. As can easily 
be shown, we should get 

1 ^ o , n 8 ptr* 

a=-^Vk, C=dpkVk^, and B—^-^, 


and then, according to equation (3), 


(i+sA) (i)%3(-)-i-o. 

Tpk^VjJ 3 Vp* Ty \vy wy 
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the difference in the behavior of vapors from that of gases, for if 
we make these quantities equal to zero there remains the known 
equation of condition for gases. 

The quantity a is what Him has already called ^Hhe sum 
of the volumes of the atoms a would represent the volume which 
would exist if the gas were compressed so far that the molecules 
would lie close to each other and a further compression would be 
impossible. 

The second term of the right member of equation (2) is in- 
tended to express the influence of the mutual attraction of the 
molecules which can only be regarded as insignificantly small in a 
perfect gas. According to van der Waals this magnitude 
depends only on the specific volume a general assumption which 
has already been made by others. Other assumptions concerning 
the possible form of the equation of condition, which will be brought 
up presently, relate, in the main, to the form of this second term, 
which we may call the correction term and which expresses the 
deviations of vapors from the law of Mariotte and Gay- 
Lussac. 

Let us examine the formula of van der Waals in at least 
one direction. Equation (2) can be written in the following form : 

a -I )7p+—v a=0, .... (3) 

p / p p ’ ^ ^ 

.and comparison with equation (1) now shows what significance 
the quantities a, b, and c of cubic equation (1) possess, according 
to van der Waals. 

If we characterize the volume, pressure, and temperature for 
the critical point by Vk, pk, and tk respectively, then because equa- 
tion (3) only possesses one root for this point we have 


(r— ■yjfc)®=0, 
or 

— Svkt^ +Svi^v — r*? = 0 , 


so that combination with equation (3) will give 
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kind of vapor. On the basis of Andrews’ experiments we 
must specially substitute for carbonic acid: 

5=19.333, (7=23.260, and a =0.001167 . . (2a) 
[5=35.238, (7=1222.45, and a =0.018694], 

provided that v represents the specific volume (vol. of 1 kg. meas- 
ured in cbm. [1 lb. measured in cu. ft.]), and p the specific pressure 
(pressure in kg. per sq. m. [lb. per sq. ft.]). 

On the other hand if the pressure is to be expressed in atmos- 
pheres (10,333 per sq. m. [2116.3 per sq. ft.]), then we must write ^ 

5 = 0.001870, 0=0.002251, and, as above, a =0.001167 (26) 

[5 = 0.016642, (7 = 0.57762, “ “ “ a =0.018694]. 

For the rest we must regard T as the absolute temperature 
which obeys the relation T =273 +t [459.4 +t]. 

Van der Waals (ibid.), with the help of equation (2), 
has made a series of investigations which are highly interesting 
from a physical standpoint, and he has theoretically justified the 
form of his equation, up to a certain degree, by the kinetic theory 
of gases. The introduction of the constants a and C represents 

^Yan der Waals gives other values for the constants because in place 
of the specific volume v he substitutes its ratio to the so-called normal volume. 
By the normal volume Vn is to be understood the volume of the steam at freezing 
and under the pressure of one atmosphere. If m is the molecular weight, then 

in equation pi? = jBT we must substitute jd = — ^ 1 — m — J 

p. 105, of the present book); consequently we get for p = 10,333 [2116.3] and 
!r=273 [491.4] the normal volume: 

22.330 r 357.7021 

vn== . 

m L w J 

For example, for carbonic acid, ammonia, and sulphuric acid we have, respc(!t- 
ively, m=44, 17, 64, and therefore for these vapors, in their order, 

i?n = 0.5075, 1.3135, 0.3489 
[Vn=8.1296, 21.0408, 5.5761]. 

If we substitute in equation (2) of the text 0.5075 v in place of t?, we get, in 
place of the constants given under (26), those values which van der Waals 
derived for carbonic acid from the experiments of Andrews. 
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really followed from the points of intersection i and d for a short 
distance inward. 

The thought expressed by Thomson, concerning the course 
of isothermals between the points of intersection h and d, is the 
simplest and most obvious and has been taken as a starting point 
for further investigations by van der Waals, Clausius, 
and others, but it is easy to imagine that the portion of the curve 
lying between the intersections b and d constitutes, so to speak, 
one wave, the course bfcgd being made up of a whole series of 
waves and also joining the two branches ba and de outside the limit 
curve. 

If we stick to the course given in the figure the equation of the 
isothermal, with respect to the volume v, is at least of the third 
degree and therefore must be put in the form 

v^+av^+bv+c=0, (1) 

where a, h, and c must be such functions of the pressure and of 
the temperature that the equation will give three real roots for the 
volume corresponding to the points b, c, and d in Fig. 23, provided 
the temperatures considered are below the critical value; the 
first value corresponds to the specific volume of saturated steam, 
and the third to that of the liquid under the same pressure and 
temperature. For temperatures above the critical value the pre- 
ceding equation must furnish for v only one real value and two 
imaginary ones. 

Equation by van der Waals. 

Van der Waals^ first made the attempt to establish an 
equation of condition which in fact makes the course of the iso- 
thermal like that given in Fig. 23; his equation has the following 
form: 

BT C 

p= (2) 

v—a XT 

where B, 0, and a are constants which must be determined for each 

^Van der Waals, “Die Kontinuit^t dee gasfdrmigea und fliissigea 
Zustandes/^ Translated from the Dutch by Dr. Roth. Leipsic, 1887. 
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horizontal distance is 0, for it touches the limit curve at the highest 
point tkj being horizontally tangent at the point of culmination. 

The isothermals designated by 4 and 5 in Fig. 23 belong *to 
temperatures which exceed the critical one, and we can see that 
with sufficiently high temperature the isothermal passes into an 
equilateral hyperbola, as is the case with an ideal gas. The essen- 
tial result of the foregoing discussion is the fact that, when com- 
pression is taking place, condensation and gradual liquefaction of 
the vapor can only occur when the temperature corresponding 
to the isothermal is less than the critical temperature, and 
that in no other case can liquefaction in the ordinary 
sense be observed, a continuous change taking place instead; 
where the gaseous state ceases and the liquid condition begins is 
entirely arbitrary; for example, we can say with others that all 
those points shall be regarded as in the liquid state which lie in 
the area bounded on the right by the branch t^d of the limit curve, 
and by the branch of the isothermal belonging to the critical 
temperature, and on the left by the axis of ordinates OY, 

The whole series of isothermals, whose general course has been 
indicated by a series in Fig. 23, can be represented by one and the 
•same equation in which only certain constants change value when 
passing from curve to curve. 

But now we see that those isothermals which pass through the 
inner space of the limit curve, cutting it in two places, appear to be 
bent at the intersections of the limit curve and run horizontally 
between these intersections; we can therefore draw the conclusion, 
to which James Thomson^ first called attention, that, 
when passing through the space of the limit curve, a gradual tran- 
sition from the gaseous to the usual liquid condition is conceivable, 
and that we can conceive that the broken curved line ahcde (Fig. 
23) is replaced by the course ahfcgde, partly dotted in the figure; 
one must then assume that the second kind of transition repre- 
sented can not really exist because it contains intermediate states 
which are in unstable equilibrium. The correctness of Thom- 
son's hypothesis is made more probable by certain observa- 
tions which make it appear that the dotted course of the curve is 


* J a m e s Thomson, Proc. of Roy. Soc. of London, Nov. 1871. 
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From the purely physical standpoint the solution of the prob« 
leni has been considerably advanced by the beautiful experiments 
of Andrews.^ 

Andrews especially subjected carbonic acid to investiga- 
tion; he started with different initial temperatures, but in each 
experiment compressed, at constant temperature, and noted the 
gradual increase of pressure which took place; in other words,, 
traced the course of the various isothermal curves of carbonic acid. 
In so doing it was shown that the course of these curves was very 
different according as the temperature was above or below 31® C. 
[<87.S® F.], the critical temperature of carbonic acid. In Fig. 23,, 
as in Fig. 22, the general course of the limit curve is indicated, but 
at the same time five different isothermals are sketched whose 
discussion will enable us to explain in a simple fashion the experi- 
ments of Andrews. 

Let us assume at the point a (Fig. 23) a unit of weight of gaseous 
carbonic acid for which the volume v, the pressure p, and the cor- 
responding temperature ti are 
given. Now suppose it to be 
compressed at constant tem- 
perature hj then the pressure 
curve ah will rise till it reaches 
the point 5 of the limit curve, 
at which the pressure is pi 
and where the carbonic acid 
exists as dry saturated vapor; 
during further compression 
along the isothermal the pres- 
sure remains constant along 
the path bed till at the point 
d complete liquefaction ob- 
tains; with further compression the pressure curve de rises, 
rapidly. 

The course of isothermal No. 2 is similar; it corresponds to a 
higher temperature and traverses, inside of the limit curve, a 
shorter horizontal distance than bed; for isothermal No. 3 this 

‘ Andrews, Phil. Trans, for 1869, p. 575; also 1876, p. 421. 



208 


TECHNICAL THERMODYNAMICS. 


carbonic acid confined in the topaz disappeared and reappeared 
in the second case at temperatures which varied for the different 
experiments between 28.74 and 29.19 and below what was 
expected. The observers supposed this deviation was due to the 
fact that the carbonic acid was impure and mixed with other gases. 

Moreover, with these lowerings of temperature, at the instant 
at which the liquid reappeared, there occurred an unusual tumultu- 
ous motion of the mass in the cell, a seething froth; the experi- 
ments of Avenarius were conducted on a large scale, in glass 
tubes, and at the moment of change a peculiar coloring of the liquid 
occurred. 

The last-mentioned experiments were conducted with ether, 
bisulphide of carbon, chloride of carbon, and acetone. 


§ 28. THE EQUATION OF CONDITION OF DRY SAT- 
URATED, SUPERHEATED VAPORS. 

If dry vapors behaved like gases the equation of condition of 
the latter, namely pv=BT, could also be used for the former; but 
it has long been known, and in fact we have already pointed it 
out when investigating saturated vapors, that dry steams depart 
more and more from the results of the preceding formula, the 
nearer they are to the point of condensation, and that conse- 
quently the equation of condition of gases must be regarded as 
only a first, rough, approximation when applied to vapors, and 
should only be used for high degrees of superheating, i.e., when 
the steam is as far from the point of condensation as possible. 

Now as regards the possible form of the equation of condition 
of vapors and gases there exists a whole series of different pro- 
posals, of which the most important will be discussed more fully 
in the following, but we can say at once that in all eases it is only 
a question of an empirical formula, for no one has succeeded in 
deriving the true form of the equation of condition from theoretical 
considerations. The various forms proposed differ from each 
other only in reproducing, more or less accurately, the correspond- 
ing re’sults of observation, without contradicting the ordinary 
views held concerning the nature of liquids, vapors, and gases. 


THE LIMIT CURVE AND THE CRITICAL TEMPERATURE. 207 



ik 

Vk 

ia 

Water * 

+ 365.0^ 

+ 271.8 
+ 260.0 
+ 234.3 
+ 232.8 

200.5 

+ 100.0° 

+ 46.2 
+ 60.2 

Bis;iilphi(le nf r.a.rbnn 

74.7 

Chloroform ^ 

54.9 

Alcohol ^ 

62.1 

+ 78.3 

Acetone ^ 

52.2 

+ 56.3 

Ether ^ 

-i- 197.0 
-M56.0 
+ 130.0 j 

+ 35.0 1 

+ 31.35 1 

+ 10.0 ! 

- 93.0 1 

35.77 

+ 35.0 

Sulphurous acid ^ 

78.9 

- 10.0 

Ammonia ® 

115.0 

- 33.0 

Nitrous oxide ^ 

75.0 

- 89.0 

Carbonic acid ® 

72.9 

- 80.0 

Ethylene ’ 

52.0 

-102.0 

Nitric oxide ^ 

71.0 

-154.0 

Oxygen ’ 

— 119.0 1 

51 .0 

-182.0 

Nitrogen ^ 

-146.0 j 

35.0 

-194.0 

Oxygen ’ 

-234.0 

20.0 

-243.0 

Air C 

-140.0 : 

j 

39.0 

-191.0 



For some fluids the critical volume v^, i.e., the specific volume 
of liquid and vapor in cubic meters [cubic feet], has been given for 
the critical temperature. Thus Battelli gives 1)^=0.00481 
[0.07705] for water; in so doing, however, he makes tj = 364.3 
[687.74] and p 4 = 194.6 atmospheres. 

For sulphurous acid 0.00192 [0.030756] according to 
Cailletet and Mathias, and for carbonic acid according 
to A m a g a t 0.002155 [0.03452]. 

Interesting observations, connected with the critical tempera- 
ture, have been made on the liquid and gas enclosed in the micro- 
scopic cells of certain minerals, particularly in the topaz; that the 
carbonic acid contents of the latter are in the liquid and vapor 
state was found by Stelzner and Erhard.® 

In the investigations a prepared specimen and the objective 
of the microscope were immersed in a water-bath, which was 
gradually brought to the temperature 31° C. [87.8° F.] and then, 
■conversely, was again brought below this temperature. In the 
first case, say at 31° [87.8°], the surface of separation of the liquid 


^By Cailletet and Colardeau. ^Sajotschewsky. 

^Battelli. ^Cailletet and Mathias. *Dewar. “Amagat. 
’Olszewski. 

® E r h a r d and Stelzner, *^Ein Beitrag zur Kenntnis der Fliissig- 
keitseinschlusse im Topas.^^ Mineralogische und petrographische Mitteilungen 
von G. Tschermak. New Series, Vol. 1 , 1878, p. 450. 
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inner latent heat p and with the empirical formulas, established 
by me, for the computation of p for different liquids, Avenarius 
concluded that as p diminishes with increasing temperature, at a 
particular temperature t the inner latent heat must be zero and the 
corresponding temperature must be the critical temperature. 

If we substitute p=0, in the formulas given on p. 31, we can 
calculate the corresponding temperature t—tk', but this method 
of determination can only lead to rough approximations, the con- 
stants of the aforesaid formulas only holding for the narrow tem- 
perature limits for which Regnault determined, by observa- 
tion, the liquid and the total heat, and these limits are very far 
from the corresponding critical temperature. This was recognized 
by Avenarius; he therefore determined, experimentally, the 
critical temperature for several varieties of vapor, and going back 
to Regnault’s observations, modified the constants of the 
empirical formula for p in such a way that the formulas repro- 
duced the experimentally found value for tk whenever p—0. At 
the same time Avenarius also gave new constants for the 
empirical formula for the heat of evaporation r and for the external 
latent heat Apu; but since at the critical temperature u=s — a is 
also zero, his formulas should at the same time make r=0 and 
Apu=Q, which is not the case; the way taken by Avenarius 
could therefore not lead to the goal, disregarding the fact that the 
values for tk, given by him for several vapors, are shown to be 
inexact by other experiments made by Sajotschewsky, of 
which Avenarius himself makes mention.^ The following 
table gives for a series of liquids the critical temperature tk, the 
critical pressure pj: in atmospheres (an atmosphere equal to 10,333 
kg./sq. m. [2116.31 Ib./sq. ft.]), and the boihng temperature at 
atmospheric pressure. 


'■ Beibl&tter zu den Aimalen der Fhysik und Chemie. Vol. Ill, 1879, p. 741. 
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According to Andrews, the temperature th is designated 
as the “critical temperatur e,” and it will be a per- 
fectly definite but different value for each liquid, and so will the 
corresponding .pressure p/c and volume va:,* p/c is called the criti- 
cal pressure and Vk the critical volume, and the 
point having the coordinates jik and Vk is called the critical 
point. 

The mass in a vessel can only assume the form of a mixture 
of liquid and vapor when its temperature lies below 
the critical temperature; if it is greater than this, then no degree 
of diminution of volume or compression and no amount of increase 
of pressure will bring about liquefaction. The critical temperature 
is very different for the different vapors, and lies particularly low 
for those which were formerly designated as permanent gases; 
for example, the critical temperature for atmospheric air is 
— 140° C. [ —220° F.] and the critical pressure is 39 atmospheres; its 
liquefaction does not occur until its temperature has fallen b c - 
low the given value, and the lower it falls the smaller the pressure 
of liquefaction will be; at —191° C.[— 311.8° F.] liquefaction takes 
place at atmospheric pressure; liquid air, subjected to this pressure, 
evaporates at the given temperature (boiling-point). That a criti- 
cal temperature exists, in this sense, for liquids, was first shown by 
Cagniard de la Tour^; he found for sulphuric ether 
iA;=187° C. [368.6° F.] and the corresponding pressure pk=^S7.5 
atmospheres; furthermore he found for bisulphide of carbon 
^^=262.5° [504.5°] and pk = 78; for alcohol ^^-259° [498.2°] and 
Pa; = 119; and for water the temperature was given that of 
melting zinc, which corresponds to about the temperature ^a:=^ 420°’ 
[788°], all of which are values which have naturally been deter- 
mined more accurately in recent times. 

The first theoretical investigation of the critical temperature 
on the basis of the mechanical theory of heat was given by 
Avenarius^; starting with the idea, introduced by me, of the 


^ Annales de chim. et de phys., VoL XXI, 1822, pp. 127 and 128; Vol. XXII , 
1823, p. 410. 

* ^^tiber innere latente WS,nne.^^ Bulletin dela soci6t4 imp4riale desnatura- 
listes des Moscou, 1873, Vol. XLVI, part II, p. 117. 
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at certain outside points, particularly above the limit curve, doubts 
may arise as to whether the substance is to be regarded as in the 
liquid or the gaseous state. 

A better light is thrown on the question by the following con- 
sideration. 

Let a unit of weight of a liquid be given in its initial state a, 
by its volume Vi and by the pressure -pi under which this volume 
exists; now let the liquid, with a suitable heat supply, expand 
along the pressure curve abde to the state e where the pressure has 
become p 2 and the volume V 2 , so that we have before us only the 
gaseous mass as superheated steam, then the phenomena will be 
as fellows, for the pressure traverses the inner space of the limit 
curve. At the moment in which the portion ab of the pressure 
curve has been traversed, evaporation begins at b and continues 
to the point d, where the last liquid element has passed into steam; 
along the whole path bd, if the occurrence takes place in a trans- 
parent vessel, we see liquid and steam separated and observe a 
continual diminution of the liquid mass; in the last portion de of 
the evaporation curve we have only steam before us, and the 
whole mass seems to be homogeneous, as was also the case during 
the initial portion ab. 

The transition from the initial state a to the final state e appears 
very different when, with suitable heat supply, it follows the pres- 
sure curve ab'd'e, and when this curve, as indicated in Fig. 22, lies 
completely in the region beyond the limit curve. Here the mass 
seems to be alike (homogeneous) along the whole path, and at no 
place can we see where the state characterized as “liquid ” ceases 
and the vapor or gaseous condition begins; the gas and liquid condi- 
tions are accordingly to be regarded as widely separated forms of 
one and the same state of aggregation, a proposition that was first 
enunciated by Andrews. 

The whole area enclosed by the limit curve corresponds to the 
saturated state of the steam, and since the pressure is here only 
a function of the temperature, the culminating point c, whose co- 
ordinates we will designate by Vk and pk, will also correspond to a 
particular temperature <*, which also appears as a maximTim value 
like the pressure ph to which it belongs. 
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steam, and for this steam it now behooves us to find the 
“equation of condition,” i.e., to establish the relation between 
the pressure p, volume v, and absolute temperature T. 

In thus presenting the matter it has been tacitly assumed 
that the two limit curves do not intersect, although they doubtless 
approach each other in their upper portions. 

Circumstances are different, however, if we assume that the 
two limit curves meet at a particular point and therefore pass into 
each other as represented in Fig. 22; 
here only one limit curve exists whose 
two branches have hitherto been dis- 
tinguished as the upper and lower limit 
curve. 

Recent experimental research has in 
fact shown that of the two cases dis- 
cussed the latter, mentioned here, always 
exists. 

Every point lying within a limit curve o 
corresponds to a mixture of liquid Fiq, 22 . 

and vapor, and indeed, according to the 

propositions for saturated steam developed above, there can be 
easily calculated from n=a:M-f-<r the proportions of the mixture, 
or the steam quality x, when the volume and pressure of the unit 
of weight are given. 

If the point corresponding to the coordinates p and v falls 
upon the limit curve itself, then it indicates dry saturated steam 
when the point lies on the branch of the curve to the right of the 
culminating point c; in the other case, for example, with point b 
(Fig. 22), we have to do with liquid without any steam, and indeed 
this liquid is in a peculiar condition: it begins to evaporate the 
very instant there is the slightest increase of volume. 

Finally if the point characterizing the instantaneous state lies 
in the space outside the limit curve, there exists either liquid or 
only dry superheated steam; the point a (Fig, 22), for example, 
would certainly be regarded as representing the liquid condition^ 
while the point e would correspond to the vapor condition, or, as 
we briefly say, to the gaseous state, but it is evident from this that 



B. THE BEHAVIOR OF SUPERHEATED OR 
UNSATURATED VAPORS. 


§ 27. EXTENSION OF THE PROPOSITIONS CONCERNINQ 
THE LIMIT CURVE AND THE CRITICAL TEMPER- 
ATURE. 

The difference between saturated and superheated vapors has- 
already been pointed out in § 1, p. 4, with Fig. 1 , p. 4, as a 

basis, and the diagram is repeated 
here in Fig. 21. The two limit 
curves 616&2 and didd 2 , the upper 
and the lower limit curve, sepa- 
rate three areas from each other ; 
suppose a unit of weight of steam 
is given possessing the specific; 
volume V and the pressure p; lay 
off the former value as abscissa 
and the other value as ordinate, 
then the corresponding point c 
determines completely the state 
of the steam, as has already been 
explained elsewhere; if the point 
c, as in the figure, falls between 
the two limit curves, then this is a sign that we have a mixture 
of steam and liquid before us ; on the other hand if the point c 
falls in the space to the left of the lower pressure curve, say at a, 
then liquid is present without steam, and if the point c, charac- 
terizing the state, falls into the space to the right of the upper 
limit curve, say at the point e, then we have before us steam 
without any liquid, superheated or unsaturated 
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exclusively of the experimental kind and concern themselves 
with observations of the pressure in a steam jet flowing through 
a tube possessing variable cross-section, and particularly with 
the conically diverging tube having different pressures in the 
discharging vessel and in the receiving vessel. The experimental 
results are highly interesting and unique. The pressures in the jet, 
in an axial direction, approach, in the de Laval nozzle, the law 
given above by equation (53) when in the neighborhood of the 
efflux orifice, and the flow conditions in the minimum cross-section 
are sufficiently confirmed so that S t o d o 1 a does not hesitate to 
make use of the formulas derived above for the quantity of steam 
discharged. 

Hans Lorenz^ discusses this problem clearly and com- 
prehensively in an elegant mathematical presentation and proves 
the correctness of Stodola’s observations, and at the same 
time refers to the additional work of P r a n d 1 1 and P r 6 1 1. 

^ H. Lorenz, ‘*DIe stationare Stromung von Gasen und Dampien durcli 
Rohre mit veranderlichem Querschriitt/^ Zeitschrift des Vereins deutsclier 
Ingenieure, 1903, Vol. XLVII, p. 1600. — See also Technieche Warmelehre,p. 122. 
Munich and Berlin, 1904. 
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t;i =1.7022 Pi 

[1)1=330.1 Pi -°-9393]^ 

where pi is to be inserted in kilograms per square centimeter 
[pounds per square inch]. 

The given formulas, whose use is much facilitated by auxiliary 
tables, as the author has shown elsewhere, are of course only 
approximately correct, but experiments have shown that in de- 
signing steam turbines the quantities to be found can be deter- 
mined with sufficient reliability. 

Here we should chiefly consider the experiments of E. 
L e w i c k i,i who extended the experimental investigations to 
superheated steam and their application in the steam 
turbine. The corresponding efflux formulas are identical in struc- 
ture with those derived above for saturated vapors, only the con- 
stants in the formulas are changed, for here we must make «:= 1.333 
and we must apply the equation of condition for superheated 
steam, which is to be given later on. 

Gutermuth (ibid.) likewise extended his experiments on 
saturated steam to the de Laval nozzle, but found slight 
differences from the calculated results given by the above formulas, 
and seeks to effect the agreement by introducing the coefficients of 
efflux and of contraction as is customary in hydraulics. 

Since 1900 the de Laval nozzle has given rise to a great number 
of experimental and theoretical works, but we cannot discuss them 
separately here, for lack of space; we therefore emphasize only 
two special studies, those by S t o d o 1 a and Hans Lorenz, 
which take up thoroughly the occurrences in the interior of the 
nozzle. 

The investigations of S t o d o 1 a,^ which have received high 
and well-justified appreciation in engineering circles, are almost 


^ E r n s t L e w i c k i, '^Die Anwendung hoher Uberhitzung fcieim Betrieb 
von Dampfturbinen.” Zeitschrift des Vereins deutscher Ingenieure, Vol. XLVll, 
1903, p. 441. 

^Stodola, *^Die Dampfturbinen und die Aussichten der Wasserkraft- 
maschinen.’^ Zeitschrift des Vereins deutscher Ingenieure, 1902, p. 1. Se,e also 
‘*Die Dampfturbinen, mit einem Anhang iiber die Aussichten der Wasserkraft- 
maschinen und iiber die Gasturbine.^^ 24 edition. Berlin, 1904. 
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directly from the smallest cross-section Fm, then equation (54a) 
gives the pressure in the orifice which here depends only on 
the pressure pi in the discharging vessel, whatever the pres- 
sure in the receiving space may be, only provided it is less than 
■ 0.5744 px. 

The pressure fm, according to equation (54a), also exists in the 
smallest cross-section when the conically diverging tube is not 
removed ; the discharge 0 for the smallest cross-section is always 
calculated from equation (55o) and the velocity of flow Wm at this 
place, from ecLuation (57). 

In the conical tube the cross-section gradually increases from 
Fm to F, and therefore, according to equation (56), there occurs 
a diminution of the mean cross-section pressure p and 
according to ecLuation (58) there occurs an increase of the 
velocity of flow w. 

If steam is to flow through such a nozzle into a space in which 
the prescribed pressure p prevails, and if this is also to be the- 
pressure in the orifice, then the necessary orifice area F is calcu- 
lated from equation (56); at this place, therefore, we must sup- 
pose the conically diverging tube to be cut off. The steam flows 
through this cross-section F with the greatest velocity; the energy 

of flow ?r- is then a maximum, as further calculations show. The 

velocity and energy of flow diminish from there on if we extend 
the nozzle still more in an outward direction, as is indicated by 
dotted lines of Fig. 20. In the de Laval turbine p corresponds, 
to the pressure at the entrance to the running wheel of the turbine, 
and also to the pressure in the buckets of the wheel and in the’ 
interior of the wheel as a whole, and consequently also to the 
condenser pressure or to the pressure of the atmosphere according 
as the turbine works with or without condensation. In designing 
the turbine we regard as known the pressure pi, the pressure p, and 
the steam weight G] then from equation (55a) the smallest cross- 
section Fm is found; therefore, from equation (56), follows the 
efflux cross-section F, and from equations (57) and (58) the veloc- 
ities Wm and w are determined; in so doing we can also substitute,, 
according to the presentations on p. 37, equation (34), 
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corresponding cross-section F h a. minimum. Accordingly 
in the de Laval nozzle the initial cross-section of the diverging 
conical tube is the minimum cross-section mentioned, which we 
will designate by The pressure pm there is found from the. 
differentiation of the bracketed quantity in equation (53) and is 


HM-'’ 

and then follows from the same equation 

If we substitute yt= 1.135 for saturated steam we find from this 
p«= 0.5744 Pi (54a) 


and 


G 


=1994 


Vl 


(55a) 




and from the combination of equations (53) and (55) we get 

0.1550 


Pm 




(56) 


\pi/ 


The efHux velocity is computed from equation (50), and for 
the smallest section we get (when pi is in atmospheres) 

~ 323'N / piVi [Wto ~2641V^piri], ... (57) 
while according to equation (50) we have 


w 

Wm 




If we suppose the conically diverging tube to be removed and 
the efflux of the steam into the receiving space to take place 
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^greater than 1.7318 p, where p represents the pressure in the 

discharge orifice; inversely we must also have —<0.5774, a con- 

dition which is always fulfilled in the de Laval turbines. In addi- 
tion saturated steam is presupposed for which «= 1.135 is assumed. 
In the case of superheated steam we must make k= 1.333, as will 
be shown later. 

Although for further information concerning the de Laval 
nozzle the reader must refer to the just-mentioned book of the 
author, nevertheless we will briefly add to the above-mentioned 
efflux formulas the following remarks. Let pi be the pressure in 
the discharging vessel, Vi the specific voliune there, then for adia- 
batic change of state we get for the velocity w with which the 
steam flows through a cross-section F (Vol. I, p. 247) 



where p represents the pressure in this cross-section. If v is the 
specific volume of the steam in this section, the relation 

pv^^piVi^ (51) 

obtains, and the weight G of the steam, which flows through the 
cross-section F, is 

G=F- (52) 

From the combination of these equations there results 




which gives the connection between the pressure p and the corre- 
sponding cross-section F, because the weight G of the discharge 
must have the same value for all cross-sections. Moreover we see 
from the formula that, other things being equal with a variable 
cross-section, the expression in the bracket or under the radical 
becomes a maximum for a certain value of p, but then the 
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§ 26 . RECENT INVESTIGATIONS ON THE FLOW OF 

VAPORS. 

(De Laval Nozzle.; 


The experiments on efflux just discussed related to short,, 
simple orifices of circular cross-section; experiments with such 
orifices (with and without the rounding off) and experiments with 
orifices of rectangular cross-section have recently been made, in 
large numbers, by Gutermuth^; they fully confirmed the cor- 
rectness and reliability of the formulas developed above. 

Moreover, recently, the question has been taken up in an ex- 
tended form, with respect to the flow of gases and vapors through 
pipes with variable cross-section; here the investigations are- 
confined exclusively to the de Laval nozzle which d e Laval 
employed to introduce the steam into his steam turbines. If there^ 
is a short orifice well rounded on the inside, in the wall of the^ 
discharging vessel, to which is attached on the outside a conical 
tube that gradually widens toward the place of discharge, then, 
such a conical diverging tube is called a de Laval nozzle (Fig. 20) ;. 
for this the author ^ published more extensive investigations 

which bear on the relations be- 
tween the dimensions of the 
tube, the quantities discharged, 
and the efflux of the steam. 

The calculations were made 
under the hypothesis of steady 
flow in which the same steam 
weight of G kg. Qb.] flows through every cross-section, but under 
the express proviso that the steam jet everywhere touches 
the wall of the diverging tube and that there is no separation 
anywhere from the wall; furthermore it is assumed that the- 
steam pressure pi, in front of the entrance to. the tube, is 
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Fig. 20. 


^ Gutermuth, Versuche iiber den Ausfluss des Wasserdampfes. Zeitschr. 
d. Ver. d. Ingenieure, Vol. XLVIII, 1904, p. 75. 

^ Z e u n e r, Vorlesungen iiber Theorie der Turbinen, p. 267. Leipsic, 1899«. 
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period of observation, and in the preceding table this becomes 
manifest in the second decimal place. 

The mean value of (p, however, given in the table, agrees almost 
exactly with the one that Napier found for a well-rounded 
orifice (see p. 186). Of course this agreement is no proof that this 
is really the correct, absolute, value of according to the theo- 
retical investigations presented above, too great a value of ({/ 
may have been found by both Napier and me, because of the 
following circumstance. 

There was no doubt in any of my experiments that the steam 
■coming from the hoiler was dry saturated, but in my injector 
experiments, considered here, the steam nozzle A was surrounded 
by cold supply water, as is evident from Fig. 19; doubtless, there- 
fore, a partial condensation took place in the nozzle before 
the passage through the orifice of efflux, and this must have made 
the observed discharge greater than that given by the theoretical 
investigations; from the agreement of my experimental results with 
those of Napier, it must be concluded that in his experiments 
it was not dry saturated steam either but wet steam that was 
discharged. But the conclusion must not now be drawn that both 
series of experiments are without value; to decide the question 
before us it sufifices that the factor in equation (48), p. 187, is 
shown to be approximately the same in all the separate experi- 
ments in which the pressure before the orifice is smaller than about 
half the boiler pressure, and this result I regard as sufficiently 
confirmed for steam, when I consider the results of my experi- 
ments (adduced in Vol. I) on the efflux of air. As regards the 
real value of the constant for different forms of orifices, we 
must await the results of further and more complete experiments; 
such experiments may well be made by the method employed by 
me, but instead of employing a real injector, it would be better to 
use an experimental apparatus similar to the injector in which 
the steam nozzle is protected from the cooling influence of the cold 
water sucked in. 
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No. of Experiment. | 

1. 

Steam Pres- 
sure in the 
Boiler. 
Millimeters 
of Mercury. 

Observed. 

2. 

Steam 

Weight, 

G kg. per 
Minute. 

Observed. 

3. 

Value of 

r “i;! 
for Pi in 
Atmos- 
pheres. 
Computed. 

4. 

Value 
of 0 
in 

Equa- 
tion (48).' 

5. 

Steam 

Weight, 

G kg. per 
Minute. 

Computed. 

0. 

Differences 
of the 
Values of 
Cols. 2 and 5. 

1 

2271.3 

2.744 

2.2510 

230 

2.682 

4-0.062 


2197.8 

2.534 

2.1803 

220 

2.598 

-0.064 

j 

2059.8 

2.493 

2.0474 

230 

2.439 

+ 0.054 

4 

1961.8 

2.394 

1.9528 

231 

2.326 

+ 0.068 

5 

1698.8 

2.027 

1.6885 

227 

.2.012 

+ 0.015 

6 

1420.3 

1.645 

1.4278 

218 

1.701 

-0.056 

7 

1265.3 

1.495 

1.2764 

221 

1.521 

-0.026 




Mean: 0=225 




From the values of Cols. 2 and 3, the values of in Col. 4 were 
•computed with the help of equation (48), p. 187; they differ com- 
paratively little from the given mean value (/} = 225; if we sub- 
stitute this mean value in equation (48) and substitute the nozzle 
cross-section F in square meters, then for the preceding experi- 
ments we calculate the weight of steam G, discharged per minute 
from the equation 

G= 1.1914 

^Vi 

The computed results are entered in Col. 5 and agree sufficiently 
well with the experimental results in Col. 2 for us to see in 
these experiments a confirmation of the propositions derived from 
the hypothesis of de Saint-Venant and W a n t z e 1. Of 
course it would have been desirable to extend the experiments to 
still higher boiler pressures; unfortunately the experimental appa- 
ratus was inadequate for this purpose and the duration of the 
experiment was also restricted; only in a few of the experiments 
could the period of efflux be extended beyond 60 seconds. Although 
the measurements of the water in the supply and receiving vessels 
were made with great care, nevertheless some uncertainty attaches 
to the values of the discharge in Col. 2 on account of the short 
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or 171 mm. [6.732 in.] of mercury; as the barometer read 728 mm. 
[28.661 in.], the absolute pressure in the mixing chamber was 557 
mm. [21.929 in.] of mercury. 

Since the boiler pressure in this experiment amounted to 1265.3 
mm. [49.815 in.], and as this was the minimum boiler pressure in 
the following series of experiments, we see that here the pressure 
in the mixing chamber was always smaller than half the boiler 
pressure. 

This method of determining the pressure in the mixing chamber 
of the injector has been introduced here in order that it may be 
used hereafter by others when performing similar experiments. 

Let us now return to the question of the efflux of steam. 

On the whole, eight experimental series were made in the 
following tabulation, however, the experimental and computed 
results are given for but one series, and this series is o n 1 y given 
so far as it bears on the question of the efflux of steam. 

The principal purpose of the investigations concerned the be- 
havior of the injector as a whole, but here we will not go into these 
general results more fully; a few remarks on them have already 
been inserted on p. 147. 

For a steam-nozzle diameter of 10.6 mm. [0.4173 in.] and there- 
fore for a cross-section 7^= 88.25 sq. mm. [0.13679 sq. in.], and for a. 
barometer reading of 728 mm. [28.661 in.] the following results, 
were found. 


^ In the injector employed, the steam nozzle A (Fig. 19) could be pushed in 
and out. Four experimental series were conducted (of which one is mentioned 
ill the text) for four different positions of the nozzle, so that for each one of the. 
several series another annular cross-section for the water supply was in use; 
in each series the cross-section of the steam nozzle was that given in the text,, 
88.25 sq. mm. [0.13679 sq. in.], but the efflux cross-section of the mixing chamber 
was 81.71 sq. mm. [0.12665 sq. in.]. In the other group of four sets of experi- 
ments there was employed in the steam pipe A, with the same four nozzle posi- 
tions, a conical spindle which was pushed so far forward that the then annular- 
shaped stream of vapor had a cross-section of only 48.76 sq. mm. [0.07558 sq. in.]^ 
All the unmentioned sets of experiments, so far as steam discharge is con- 
cerned, furnished results which agree suflSciently well with those adduced here 
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=62.43] and the coefficient of resistance, which includes all the 
hydraulic resistances which the water must overcome on the way 
from the vessel G to the mixing chamber. 

In all the experiments of the tabulation below, the annular 
cross-section =154.8 sq. mm. [0.23995 sq. in. ]; moreover in each 
separate experiment there was determined the weight G\ of the 
water which was sucked in per second by the injector, or, to speak 
more correctly, was forced to the injector; these data render it 
possible to determine the velocity of efflux Wi. 

On the other hand the coefficient of resistance C required for 
its determination special preliminary experiments. Thus the steam 
pipe A was closed and the quantity of water which then flowed in 
a unit of time from the measuring tank through the apparatus was 
measured. According to known hydraulic laws, a formula can 
easily be found which determines the coefficient of resistance C, 
but here we omit this determination. For the following experi- 
mental series it proved to be C =1-227. 

From what has been given we can now easily find from equa- 
tion (49) the value 

P0-P2 

r ’ 

i.e., find the excess of the external atmosphere over the pressure 
in the mixing chamber and thus determine the latter pressure 
itself (measured in water column). 

Thus, in the following experimental series, 7^=1.303 m. [4.275 
ft.], and in the last experiment (No. 7 of the series) the quantity 
of water drawn in per second was Cri =0.877 kg. [1.9334 lb.], or 
the volume 7i = 0.000877 cbm. [0.030934 cu. ft.]; consequently the 
velocity wi of the water, in the annular cross-section, was 

Wi =, 5,66 m. [18.57 ft.], 

and hence for the data of the experiment considered, equation (49) 
gives 

— — ^^=2.333 m. [7,6543 ft.] water column, 
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were quickly closed and the water level and temperature were 
observed both in the supply vessel G and in the catch-basin TL 

In this way the weight of water, supplied to the injector in a 
unit of time, was measured, and from the excess of water in the 
catch-basin there was determined the weight of the steam that 
flowed through the steam nozzle and was discharged in the same 
time. 

The steam pressure in the boiler was determined by a well- 
finished, open, mercury manometer, and of course the pressure 
w^as simultaneously read from the barometer; the mean was takcm 
from the manometer readings observed at the beginning and end 
of the experiment, and these readings differed but little because of 
the great capacity of the steam boiler employed. 

The* diameter of the steam nozzle (discharge orifice of the 
steam pipe A, Fig. 19) was 10.6 mm. [0.4173 in.], and therefore its 
cross-section F =88.25 sq. mm. [0.1368 sq. in.]; with this and the 
observed pressure in the boiler and the ascertained discharge G, 
the means were provided for testing whether or not the factor 
in eciuation (48), p. 187, was really a constant, provided of course 
that the pressure p 2 outside of the discharge orifice of the steam, 
i.e., within the mixing chamber, was at most equal to half the 
boiler pressure. This pressure p 2 is smaller than the atmospheric 
pressure in all injectors; but its direct determination, say by 
inserting the tube of a vacuum gage into the mixing space C, 
would hardly accomplish the purpose. There is still another way, 
however, of determining this pressure, and this way was employed 
in all the experiments here mentioned. 

For if h represents the mean pressure head (water column) 
under which the water flows to the steam nozzle from the measur- 
ing tank G, po the specific pressure of the atmosphere, p 2 that 
below the orifice, and if wi is the velocity with which the water 
flows through the annular cross-section (round about the steam 
nozzle) into the mixing chamber (Fig. 19), then the following 
relation: 

( 49 ) 

obtains, where r represents the specific weight of the water (7- = 1000) 
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a series of experiments on which he will now briefly report; it 
has not thus far been published^ but we will reproduce it here 
because it confirms the propositions developed above. 

Fig, 19 gives a schematic representation of the experimental 
apparatus; for the sake of clearness it differs in all parts from 

the proportions actually employed. 
The part ABC represents the injector 
whose axis is placed vertically. The 
steam pipe A, which supplies the steam 
to the boiler, ends below in a conical 
tube, the steam nozzle, and is there 
surrounded by a casing B which in its 
lower part becomes a conical pipe C\ 
the mixing chamber ” or water noz- 
zle.^' A pipe D enters the casing B 
laterally, the pipe connecting with an 
upper vessel (?, containing cold water. 
When the cock E in the pipe D is 
opened, the water enters into the casing 
B, passes through the mixing chamber 
and there comes in contact with the steam, which is thus con- 
densed; the mixed jet then leaves the nozzle C and passes to the 
catch-basin H just below. The injector therefore does not need to 
suck up the water, for it is supplied under pressure. The two ves- 
sels 0 and H were very carefully finished boxes made of planed 
iron plates which were previously calibrated and provided with a 
vertical vernier scale which permitted the water levels at the be- 
ginning and end to be observed, and thus measured the quantity 
of water in the calibrated tanks at start and finish. The experi- 
ments were conducted in the following manner. 

Before the steam pipe A and the cock E were opened the 
water level and the temperatures in the two vessels G and H were 
observed; the cock E was opened and five minutes later the steam 
pipe Aj and from this time on the water jet discharged in milk- 
white condition from the mixing chamber (see remarks on p. 146). 
The discharge occurred under different boiler pressures and as a 
rule lasted 60 seconds; at the end the cock E and the steam valve 
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the pipe C, may be considered as representing almost exactly efflux 
through a well-rounded orifice and leads, as was shown on p, 185, 
to almost the same coefficient of resistance found for the experi- 
ments on air discussed in Vol. I, p. 270. 

In another experimental series made by Napier, with an 
orifice of 9.5 mm. [0.374 in.], the external pressure p 2 , i-e., the 
pressure in the receiving vessel, was throughout equal to one 
atmosphere, the boiler pressure varying. The 
experiments furnished the following results: 


Boiler pressure pi- 

G 


cb 

Atmospheres. 

F 


Y 

1.800 

292.22 

160.31 


2.067 

3.000 

333.12 

467.79 

159.9 1 
156.4 1 

[ 158.6 mean 

4.000 

623.03 

157. 6 j 

1 


In this experimental series also, the value of (p in the separate 
experiments differs but little from the mean value, so that they 
may be regarded as likewise confirming the proposition derived. 
That the value is here essentially smaller than in the preceding 
series is doubtless due to the much greater resistances existing in 
these experiments. Unfortunately nothing more definite can be 
found in Napier’s paper, for the description gives no com- 
plete insight into the experimental method nor into the composi- 
tion of the experimental apparatus. 


§ 25. EFFLUX EXPERIMENTS WITH THE HELP OF THE 
STEAM JET PUMP. 

The G i f f a r d steam jet pump under certain circumstances 
provides us with the means of examining more fully the discharge 
of steam, provided we take away the receiving tube and allow 
the jet to flow through the mixing tube to a measuring tank. In 
this way, in 1870 (see reference on p. 147), the author conducted^ 
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In one series of experiments by Napier, whose results are 
presented in the following tabulation, and for which the apparatus 
indicated in Fig. 18 was employed, there was used a well- 


1. 

Pressure pz in 
Receiving Space. 
Atmospheres. 

2. 

G 

F 

kg- 

3. 

2.067 

599.46 

200.71 

1.733 

601.28 

201 . 3 j- 201 mean 

0.733 

599.25 

200.6 J 

1.800 

668.32 

223.81 

1.800 

663.24 

222.1 [r,OA ^ 

0.467 

676.30 

226.4 

0.467 

664.26 

222.4 J 


rounded orifice, whose diameter amounted to 14.3 mm. [0.563 
in.]; the cross-section F== 0.000160606 sq. m. [0.0017289 sq. ft.]. 
The boiler pressure pi in all the experiments was equal to four 
atmospheres, from which was found 

2.9867 [-0.74625]. 

Col. 1 gives the observed pressure p 2 in the receiving space D; 
Col. 2 gives the value G:F computed from Napier’s state- 
ments, i.e., the discharge in kilograms [pounds] per second and per 
sq. m. [sq. ft.] of orifice area; Col. 3 gives the value of (p calculated 
from equation (48). 

In the first three experiments the length of the pipe C (Fig. 18) 
amounted to 0.0953 m. [0.3127 ft.], but in the last four experiments 
to only 0.0127 m. [0.04167 ft.]. 

Those experiments in which the pressure in the receiving vessel 
was considerably smaller than half of the boiler pressure confirm 
the hypothesis with sufficient accuracy. That the value p is 
smaller in the first three experiments than in the experiments of 
the second group is due to the greater length of the pipe C, which 
increases the coefficient of resistance C occurring in equation (45). 
The second group of experiments, on account of the shortness of 
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level of the water, and was surrounded by a somewhat larger pipe 
F wliich was open above and below; there was thus effected at the 
point of discharge of the pipe E a sudden change of cross-section 
so that air was sucked into pipe F from above, which caused the 
discharging steam to be forced under the water and completely 
condensed. 

In the experiments it was a question of determining the boiler 
pressure pi corresponding to the cross-section F of the orifice 5, 
to observe the pressure p 2 in the receiving vessel D, and besides to 
determine the weight of the steam discharged during the period 
of observation. The latter determination, however, was not 
effected by Napier by noting the water volume in the catch- 
basin G at the beginning and end of the experiment, and thus 
determining the volume and weight of the condensed steam. In- 
stead, he calculated this weight from the weight of the water origi- 
nally contained in the catch-basin and its original temperature, 
and also from the temperature exhibited at the end of the experi- 
ment by the water and condensed steam combined, and, in so 
doing, correctly took account oT the beat quantity transferred to 
the walls of the apparatus. Whether this method of observation 
is more reliable than the direct observation of the increment of 
volume in the catch-basin, will not be discussed here. It is only 
of technical importance to know whether or not the hypothesis 
of de Saint-Venant and W a n t z e 1 is confirmed by 
the experiments of Napier, and the question as to the orifice 
pressure is particularly important, namely whether, when the 
external pressure is less than half the inner pressure, the dis- 
charge is the same for every value of the outer pressure, pro- 
vided the inner pressure remains constant. For this case, there- 
fore, the reliability of equation (45), which can be written in the 
form 



must be investigated and the invariability of the coefficient ^ must 
be established in the manner attempted in VoL I for the efflux of 
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pressure in atmospheres to be substituted in equations (43) and 
(45), by placing there 10333 pi [2116.3 pi] in place of pi, we 
shall get for such an orifice 

f.436>(l-a)P2 1-218# 

F MriiV pi/pi F >lui 

r|-357.39j2l(l-a)EJ and f-178.697#l. 

LJ’’ pilpi F >111 J 

Some of Napier’s experiments do in fact give the co- 
efficients standing in front of the radical, but in general Napier 
gives for well-rounded orifices the two values 420 and 210 [344 and 
172] respectively. Neglecting the resistances, i.e., for 1^=0^ 
equations (43) and 45) furnish the two coefficients 450 and 225’ 
[369 and 184.5]. 

Now, as regards Napier’s experiments, unfortunately the 
report is very incomplete, and the description of the experimental 
apparatus gives no clear insight into all parts of the different 
experiments. 

In the main the experimental apparatus was of the kind indi- 
cated by Fig. 18. 

The steam left the boiler by the pipe A, and was discharged 
through the well-rounded orifice B, but at the orifice there was 

screwed on a pipe O of the 
same inside diameter which 
was chosen of different 
lengths in the different ex- 
periments. From this tube 
the steam entered an en- 
larged pipe D, which con- 
stituted the real receiving 
vessel and in which the 
pressure p 2 was measured 
by a manometer o. From 
the receiving vessel D the 
steam flowed through a pipe E bent down to a catch-basin G, filled 
with cold water. The lower end of the pipe E nearly touched th& 
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inner pressure pi the discharge G will be smaller than is given by 
the formula (45). 

Napier therefore proceeds on the assumption that equation 
(43) must be used whenever 


and in this ease the external pressure p 2 extends to the plane of 
the orifice; on the other hand, that equation (45) is to be used 
when the pressure in the receiving vessel is subject to the relation 


V2 

Vi 



and that in this case the pressure in the plane of the orifice settles 
down to the value Jpi, i.e., to half the internal pressure pi. 

We see that Napier’s assumption agrees perfectly with 
the hypothesis of de Saint-Venant and W a n t z e 1 so 
completely discussed above; the only difference is that his formulas 
must be regarded as approximate expressions of the above-given 
formulas; 

If w is the efflux velocity, we get by means of the relation 
Gvi = Fw from equation (43) 

<»-vli$jp.'’.(i-g)g fa g>|,- • • m 

provided the volume in the plane of the orifice is taken as approxi- 
mately equal to that in the discharging vessel; then equation (45) 
gives 

§<!• • • ( 47 ) 


These equations are also given by N a p i e r, but with the dif- 
ference that his formulas do not contain the coefficient of resistance. 

My experiments on the efflux of air through a well- 
rounded orifice gave ,(;=0.066 (Vol. I, p. 270) for the 
coefficient of resistance. 

If we transfer this value to the efflux of steam and suppose the 
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theory of these experiments as perfectly correct. The principle 
just referred to relates to the determination of the pressure in the 
plane of the orifice, as it has been discussed in the investigations 
presented above and in the complete discussion on the efflux of 
gases in Vol. I of this work; that these propositions were given by 
de Saint Venant and W a n t z e 1, long before Napier, 
was doubtless unknown to R a n k i n e. 

In Vol. I, p. 255, of this work there was derived under equa- 
tion (47a) the following approximate formula for the efflux of 
gases : 

n- TP / JL P2(pi-P2) 

^ + C BTi * 


Here pi and Ti are the pressure and temperature in the dis- 
charging vessel, p 2 the pressure in the receiving vessel a n d in 
the plane of the orifice, and ^ the coefficient of resistance in the 
sense there given. The formula gives the weight G of the air in 
kilograms [pounds] which is discharged, per second, through an 
orifice of F sq.m. [sq. ft.] cross-section ; if we use in the formula the 
relation piVi = BTi, which is valid for gases, where represents 
the specific volume of the gas in the discharging vessel, there 
follows 



and that is, at least in form, the equation which Napier wants 
to have applied to the efflux of steam for slight differences of 
pressure. 

Closer consideration of this formula shows that the discharge 
G becomes a maximum when 


we get in this case 


P2^1 
Pi 2 ’ • 

^==1 I ^.9 Pi 

F 2Vl+Cr)i- 


(44) 

(45) 


If the pressure pz, in the receiving vessel, is smaller than 
and if it extends to the plane of the orifice, then with a constant 
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furnish no solid ground for deciding the question and were con- 
ducted under circumstances which render an examination of the 
occurrences, in a theoretical way, very difficult. 

K 0 1 s t e r believes, nevertheless, that he is justified in at least 
drawing the conclusion that the results of these experiments do 
not conflict with the assumptions made above; the constants in 
the above formula cannot be deduced from the experimental 
results, consequently we will not present those of M i n a r y and 
R e s a 1 here and will content ourselves with referring to the 
source mentioned. There are also recorded the experimental re- 
sults which K 0 1 s t e r himself obtained for the efflux of steam 
through the safety valve of a locomotive boiler; they, too, indi- 
rectly confirm the correctness of the hypothesis discussed. 

A somewhat clearer light was finally thrown on the whole ques- 
tion of the efflux of saturated steam by the experiments of N a p i e r 
(1869), and it is these experiments alone which form any basis for 
deciding the question. 

The author of this book, about the same time and without 
knowing of Napier’s experiments, sought to advance the 
question by an entirely different experimental method, but omitted 
to publish his own results, although they furnished a confirmation of 
Napier’s investigations. In the following the principal results 
of these experimental series will be discussed so far as our limited 
space permits. 

Napier’s experiments were first made accessible to a larger 
circle by R a n k i n e, who expressly notes, in the introduction 
to his article, 1 that he considers the fundamental principle of the 


^ Ihc Engineer of Novcinber 2()th and December 3d, 1869; also in German 
under the title ^'Oloer den Aimfluss des Dampfee^’ m y/ivilingemeur, Vol. 
XVI, 1870, p. 35. In this article R a n k i n e discusses N a p i e r ^ s woik 
(see Engineer of Oct. Ist, 1869) without adducing the formulas or the experi- 
mental methods, and compares Napier’s presentation with my investiga- 
tions, '‘Cher den Aiisfimss von Dtopferi imd hocherhit^ten Fliissigkeiten,’’ 
Zivilingenieur, Vol. X, 1864.— -In 1870 Eankine sent me in his letters with 
some hand drawings the little article by Napier, the Velocity of Steam 
and other Gases, and the Tnie Principles of the Discharge of Fluids,” which 
I handed to Prof. Fliegner in Zurich to be worked up for Zivilinge- 
nieur. This work, with the reproduction of the hand drawings mentioned, can 
be found in Zivilingenieur, Vol. XVII, 1871, p. 215. 
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in this formula the coefficient of contraction cc 
must be substituted in the right member, because, in T r 4 m e r y 's 
experiments, the efflux orifice was in a thin plate. 

Now if the coefficient a were independent of the steam pressure 
and orifice cross-section, then, according to the preceding equation, 
the quantity 

^yiO.9696 

should lead to tlie same, or nearly the same, value for every orifice 
section F and for the corresponding pressure pi of the individual 
series of experiments. Tr emery conducted five such series 
under different rates of heating. 

A closer examination of Tr4mery’s experimental results, 
however, wnose reproduction we will here omit, does not confirm 
this proposition; on the contrary, they show that the said quantity 
.diminishes vfith increasing steam pressure and diminishing 
orifice section. Consequently we ought rather to draw the conclu- 
sian that in the preceding equation the product 

aii’piO-9696 

is a constant, and that accordingly the coefficient of contraction 
a must increase when the pressure grows and the orifice 
cross-section becomes smaller, which is confirmed by the fact that 
when air discharges through an orifice in a thin plate it does really 
behave so, as is shown by my older experiments. Unfortunately^ 
the T r e m e r y experiments do not permit a further examina- 
tion, but we see from what has preceded that the experimental 
results in question confirm, at least in a general way, 
the views developed above on the efflux of vapors; if Trdmery 
had not used orifices in a thin plate, but orifices rounded on the 
inside, according to the form of the contracted jet, his experiments 
would have furnished an excellent support for the hypothesis of 
de Saint Venant and W a n t z e 1. 

Other experiments pointed out by Kolster are those 
of M i n a r y and B, 4 s a 1 ; ^ un fortunately these experiments 

^ ■ ‘^Recherches exp^rimentales sur P^coulement des vapeurs,^^ by M i n a r y 
and R 4 s a 1. Annales des mines, 1861 YoL XIX, p. 379. Crermaa in Zivil- 
ingenieur, Vol. VIII, 1862. 
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§ 24. EXPERIMENTS ON THE EFFLUX OF STEAM. 

There are but few experimental investigations on the efflux of 
steam. K o 1 s t e r , reporting ^ on the older experiments, presents 
his own experiments, which relate especially to the efflux of steam 
from the safety valves of boilers, and in so doing mentions the 
oldest ones, those by T r e m e r y,^ who attempted to estabhsh, 
experimentally, rules for the determination of the dimensions of 
safety valves; it is required of such a valve that when open it 
should blow off all the steam formed in the boiler, even when the 
boiler is excessively heated, so that an accumulation of steam, and 
the consequent rise of pressure connected with it, may be impossible. 

For this purpose T r e m e r y provided his experimental 
boiler with a large cock possessing an orifice of efflux 
in a thin plate whose cross-section he regulated by operat- 
ing with nine different efflux cross-sections; the smallest efflux 
cross-section amounted to 0.7653 sq. cm. [0.11862 sq. in.] and each 
of the following ones increased successively by 0.2551 sq. cm. 
[0.039541 sq. in.]; the greatest cross-section was therefore 2.8061 
sq. cm. [0.43495 sq. in.]. 

The steam boiler was heated as uniformly as possible and, 
inserting the separate orifices in their order, he observed for each 
the steam pressure at the manometer and, as soon as the reading 
became stationary, recorded it. 

If F is the orifice cross-section in square centimeters [square 
inches] and pi the steam pressure in atmospheres [lb. per sq. in.], 
then, when we disregard resistances, equation (37), p. 178, gives 
the steam weight G in kilograms [pounds] discharged since the 
pressure became stationary: 

(? = 0.01575 a 
[(?= 0.016545 a Fpi0-»®9«]; 

^ R u d. K o 1 s t e r in Helsingfors, “ Uber das Ausstr5men von Dampf und 
Luft aus Gefassmimdungen und uber die Dinaensionen der gebriluchlichen 
Sicberheitsventile/' Zeitschrift des Vereins deutscher Ingenieure, VoL XI, 
1867, pp. 433 and 711. —Vol XII, 1868, p. 97. 

* T r 6 m e r y, '^Recherches sur F^coulement de la vapeur.’’ Annales des 
mines, 1841, VoL XX, p. 343. 
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identical; when this happens the efflux cross-section will coincide 
with the orifice cross-section. 

If the first-mentioned case exists, we find the discharge for 
dry saturated steam, for n=K, and the combination of equations 
(33), (34), and (32a), p. 172, to be 




moreover the combination of equations (33a), (34a), (32), and (31) 
and the orifice cross-section F gives 



Equating we get 


or, with « =1.135,- 



(40) 


(41) 


. . (42) 


according to which the efflux cross-section Fq can be computed 
from the orifice cross-section F, when the inner and outer pressures 
Pi and p 2 are given. 

The last formulas, just developed, have recently foimd an im- 
portant, technical apphcation. Suppose a pipe is added to the 
short efflux orifice F, which gradually enlarges from F to Fa, then 
the steam will flow through the efflux cross-section Fq with the 
external pressure pa. 

In this way d e Laval has designed the steam nozzle for 
his steam turbine; the efflux through the nozzle I have completely 
discussed quite recently^; different experiments on the steam 
consumption of the de Laval steam turbine have already 
established the reliability of the calculations. 

^Zeune'r, ‘^Vorlesungen iiber Theorie der Turbiaen/^ Leipsic, 1889, 
p. 267. 
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V _ XU 
Vi XiUi 

where x and Xi represent the steam quality in the orifice and dis- 
charging vessel respectively. From the preceding equation there 
is found u:ui, and from equation pr* = pi!;i'' the ratio v:vi; hence 
follows 



and finally, with the help of equation (31) and with k, 

®) 

If we make x=l and substitute the value /c= 1.135 and 
;t= 1.0646, we have 

x= 0.9685, 

in complete agreement with the statements of the table on p. 177. 

For the boiler pressure of pi = 5 atmospheres we get, from 
equations (36) and (37), 442.7 m. [1452.4 ft.] and G^= 750.3 F 

kg. [153.67 F lb.], which correspond almost exactly with the state- 
ments of the table. 

Tlie investigations presented here, we repeat, are valid under 
the supposition that the pressure pi, in the chscharging vessel, 
amounts to more than 1 .8 times the external pressure in the 
receiving space; in this case the pressure p in the plane of the 
orifice is greater than in the receiving space, which latter 
pressure was designated above by p 2 . 

If we now follow the steam jet outwardly, away from the orifice, 
we find that it spreads out gradually and therefore at a certain 
distance, estimated from the plane of the orifice, there vull exist a 
cross-section of the jet in which the pressure has just become iden- 
tical with the external pressure pj. Let us call this cross-section 
the “efflux cross-section ” and designate it by Fq; this section is 
accordingly to be distinguished from the "orifice cross-section ” F, 
the relation between the two being Fo>F; only for the case in 
which the inner pressure pi is less than 1.8 times the external 
pressure will the orifice pressure p and the external pressure p 2 be 
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myself of its reliability by extensive experiments on the efflux of 
air. 

At this place we may add, as the closing statement of the 
theoretical studies on the efflux of vapors, that the last given for- 
mulas for the efflux of saturated vapors can be converted into 
much simpler form for practical use. 

For this purpose let us assume that during the efflux into 
the open air the pressure of the steam in the boiler does 
amount to more than 1.8 atmospheres, an 
assumption wliieh will obtain in most practical cases, then the 
pressure p which is computed from equation (31), p. 172, wheren=«, 
will be established in the orifice. 

It was shown on p. 37, by equation (33), that there exists for 
dry saturated steam, between the pressure limits occurring in prac- 
tice, the relation 

piUi''=C', (35) 

where ju= 1.0646 and (7=1.7049 [32.67], when the pressure pi is 
given in atmospheres and is the corresponding specific volume 
of dry saturated steam in cbm. [cu. ft.]. 

If the pressure pi is expressed in kilograms per square centi- 
meter [pounds per square inch], then we must take C= 1.7617 
[480.144]. Eliminating Vi from equation (35) we get, with the 
help of equations (32), (33a), and(34a), 

for Pi in atmospheres: for pi in kg. : sq. cm. [lb. : sq. in.]: 

ta=421.67pi0 “03 (36) w = 421.36 (36a) 

Gf= 157.55 (37) (?= 152.59 (37o) 


rio= 1383.4 piO.0303 

10=1275.2 Pi° o303 -j 

LG' = 32.268 

G= 0.016545 F’piO-sefloJ 


In the last formula for G the area F is in square inches. 
From equation (35) there is found, approximately, 


Moreover we get from v=xu+a and Vi = XiUi +<t, after neglecting 
ff, the ratio 
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ii— 

Vi XxUi 

where x and xi represent the steam quality in the orifice and dis- 
charging vessel respectively. From the preceding equation there 
is found u:ui, and from equation the ratio v:vi; hence 

follows 



and finally, with the help of equation (31) and with n= k, 


X 



(38) 


If we make x=l and substitute the value k= 1.135 and 
//= 1.0646, we have 

a: =0.9685, 

in complete agreement with the statements of the table on p. 177. 

For the boiler pressure of pi = 5 atmospheres we get, from 
equations (36) and (37), 442.7 m. [1452.4 ft.] and (7=750.3 F 

kg. [153.67 F lb.], which correspond almost exactly with the state- 
ments of the table. 

The investigations presented here, we repeat, are valid under 
the supposition that the pressure pi, in the discharging .vessel, 
amounts to more than 1.8 times the external pressure in the 
receiving space; in this case the pressure p in the plane of the 
orifice is greater than in the receiving space, which latter 
pressure was designated above by p 2 . 

If we now follow the steam jet outwardly, away from the orifice, 
we find that it spreads out gradually and therefore at a certain 
distance, estimated from the plane of the orifice, there will exist a 
cross-section of the jet in-whieh the pressure has just become iden- 
tical with the external pressure pa. Let us call this cross-section 
the “efiflux cross-section ” and designate it by Fo] this section is 
accordingly to be distinguished from the “orifice cross-section ” F, 
the relation between the two being Fo>F; only for the case in 
which the inner pressure pi is less than 1.8 times the external 
pressure will the orifice pressure p and the external pressure p 2 be 
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myself of its reliability by extensive experiments on the cfHu-jj. 
air. 


At this place we may add, as the closing statement 
theoretical studies on the efflux of vapors, that the last gi'V'dri 
mulas for the efflux of saturated vapors can be convertocl 
much simpler form for practical use. 

For this purpose let us assume that during the 
the open air the pressure of the steam in the boiler <-1 < j ’■ 

amount to more than 1.8 atmospheres, 

assumption wliich will obtain in most practical cases, tlieiA ||j. 
pressure p which is computed from equation (31),p.l72, wherts 
will be established in the orifice. 

It was shown on p. 37, by equation (33), that there exists f,,i 
dry saturated steam, between the pressure limits occurring in 
tice, the relation 






where /t= 1.0646 and (7=1.7049 [32.67], when the pressure i 
given in atmospheres and Vi is the corresponding specific voltijiii 
of dry saturated steam in cbm. [cu. ft.]. 

If the pressure pi is expressed in kilograms per square Cetifi 
meter [pounds per square inch], then we must take (7 = l.TfJl 
[480.144]. Eliminating vi from equation (35) we get, "witlA th 
help of equations (32), (33a), and(34a). 


for Pi in atmospheres : 


for Pi in kg. : sq. cm. [lb. : 

sq- In.) 

w= 421.67 pi0O3o3 

(36) 

10=421.36 piO-0303 

(Hm 

(7= 157.55 EpiOsess 

(37) 

(7=152.59 FpiO-9696 

C37<3 

ru>= 1383.4 piO.0303 


10=1275.2 Pi00903 -■ 

LG' =32.268 FpiO-9e98 


G=0.016545 FpiO-se®® J 



In the last formula for G the area F is in square inehes. 

From equation (35) there is found, approximately. 

Moreover we get from v=xu+ a and Vi=xiUi +a, after ixegleeth 
a, the ratio 
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- = 1.6223 and 1.7157, 

and hence the specific volume in the orifice, because p, =5 atmospheres and 
a, =0.3636 [5.8245], is 

V =0.5899 and 0.6238 
[v =9.4496 and 9.9926]. 

Corresponding to the pressure in the orifice we find, by interpolation from 
Table 11 of the Appendix, the values 

w=0.6081 and w =0.6411 
[m =9.7411 and a = 10.270]. 

Accordingly we find from v =xu + a the steam quality in the orifice as 
X =0.969 and a: =0.971. 

Now, from equation (33a), we compute the efflux velocity for both cases: 

w =442.64 ra. [1452.3 ft.], 

and then, from equation (34a), the discharge: 

G =750.36 F and (? =709.59 F kg. 

[G = 153.68 F and <7 = 145.33 F lb.]. 

Of this there appears in the orifice in the form of steam ; 

(?a: = 726.35 F and <?a: =689.01 F kg. 

[Gx = 148.76 F and Gx = 141.12 F lb.], 

where F represents the cross-section of the orifice in square meters (square 
feet]. 

By the methods of computation employed in the preceding 
examples, and by neglecting the efflux resist- 
ances and presupposing short, simple orifices, the results in the 
following table have been found. The computed results of the 
table differ from the statements of the table which I published in 
earlier works, ^ in which it was assumed that the external pressure 
P 2 extended to the plane of the orifice in all cases; it was in my 
later works that I used, as I now do, the hypothesis of d e 
Saint-Venant and W a n t z e 1, after I had convinced 

’ “ Lokomotivenblasrohr. ” Zurich, 1863, p. 84. Zivilingenieur, Vol. X, 
1864, p. 99. 2d edition of present book, 1866, p. 414. New reprint of the 
book, 1877, p. 414. 
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=0.5774 and (—•)»- 1=0.5460, 

'Py V« + l/ \« + l/ 

and from this, for pj, =1.6, 

p =0.9328 and p =0.8736, 

in both cases, therefore, values <1 or p<P 2 ; consequently we have before 
us the first of the two hypotheses mentioned above. 

Since the specific volume, corresponding to the pressure of 1.6 atmos- 
pheres, amounts to = 1.0606 [16.990], there follows from equation (32) 

= 1.6047 [25.706] and t; = 1.6131 [25.840], 

and we then get from the relation because w = 1.6495 [26.423] for 

one atmosphere of pressure, the steam quality in the orifice: 

a? =0.972 and rr =0.977. 

The efflux velocity'-w;, calculated from equation (33), is found to be 

141=397.02 and ui =378.27 

[141=1302.6 and i4J = 1241.1]; 

finally the discharge per second, with an orifice of sq. m. [sq. ft.], is 

& 

=247.41 2!’ and (?=234..50 2^ kg. 

V 
w 

[G 50.673 F and G =48.029 lb.], 

V 

whereupon there can easily be found the steam weight Gx and the water 
weight G{1 —x). 

Example 2. Let steam flow from a boiler, under the same assump- 
tions as in the preceding example; let the boiler steam be at a pressure 
Pi =5 atmospheres and let it flow into the open air. 

Here again, for «= 1.135 and 1.121 respectively, the controlling pressure 
ratio becomes, as in the preceding example, 

^=0.5771 aad 0.5460, 

Pi 

and hence the orifice pressure is 

p =2.887 and 2.730 atmospheres, 

and is therefore greater than one atmosphere ; accordingly we have before 
us the second of the above hypotheses. 

From equation (32) there is found 
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of the orifice in square meters [square feet]. The weight of the 
steam in the orifice is 

D = Gx 2 with x^xo. 

Second Hypothesis. Let p 2 <pbe assumed. 

Here the pressure p of the orifice is at once found from equa- 
tion (31) ; it is then independent of the external pressure and is 
valid even for discharge into a vacuum. The specific volume v in 
the orifice follows from equation (32) and the steam quality x 
from the formula 

where u corresponds to the pressure p. 


The efflux velocity w is determined from the combination of 
equations (33) and (31): 


l2gK 

. . . . (33a) 

the discharge is found from 


G=F-, .... 
v’ 

. . . . (34a) 


and the corresponding weight of steam is 


D==Gx. 

In all these formulas we must substitute n = /c = 1.135 for dry 
steam and substitute n==1.035+0.1 xi for wet steam, where Xi is 
the steam quality in the discharging vessel itself. 

Example 1. Suppose dry saturated steam flows from a boiler into 
the open air, under the pressure =*1,6 atmospheres. 

Let us first work out the example neglecting the resistances, and next, 
under the assumption 1.135 and side by side with this first calcula- 

tion, let us work out the example for the efflux exponent 1.121, which 
value, according to equation (30), corresponds to a coefficient of resistance 
(;;==0.1, a value which might arise with, say, a conical orifice well rounded 
on the inside. 

We then get for 

k^1A35 and 1.121, 

according to equation (31), the controlling pressure ratio: 
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According to the propositions there presented we calculate the 
orifice pressure p, for the maximum of dis- 
charge, from the equation 



and the specific volume v in the orifice from 



where pi and represent the pressure and volume of the steam in 
the discharging vessel, which values can be regarded as given; the 
pressure p 2 , in the receiving vessel outside of the orifice, is also 
regarded as known. 

We must here distinguish between two cases according to the 
value of p resulting from equation (31). 

First Hypothesis. Letp 2 > 7 >- 
Here the external pressure establishes itself in the orifice, and 
hence p=p 2 and the specific volume V 2 in the orifice is 

/ \ 1 

1^2 

The steam quality X 2 in the orifice is calculated from the formula 

V2 = X2U2+(J, 

because the value U 2 , corresponding to the pressure p 2 , is known. 

The efflux velocity w is determined (Vol. I, equation (33), 
p. 247) by the formula 

• • • . ( 33 ) 

and the discharge of steam and water, in kilograms [pounds] per 
second, is found from 

........ (34) 

taking'p=p 2 and »=i; 2 'and , letting F represent the cross-section 


EFFLUX OF DRY SATURATED VAPORS. 171 

or 

f = 


If we conceive of a series of experiments in which pressure pi 
in the discharging vessel is always the same, and if we assume the 
pressure p in the receiving vessel and the pressure in the plane of 
the orifice to be equal to the external pressure, then it may be 
expected that the preceding expression will make the discharge G 
greater as the external pressure becomes smaller. 

But this expectation is not realized; instead of that, the value 
of the bracket in the preceding equation (29a) gives, for a particular 
temperature h, a value of f or p for which G becomes a maximum; 
with a further decrease of t or p, the discharge will accordingly 
again diminish. 

Here, therefore, the same case occurs which was more fully 
discussed when investigating the efflux of gases (Vol. I, p. 240), 
and which led to the hypothesis of de Saint-Venant and 
W a n t z e 1 ; this case arises at the instant in which the orifice 
pressure p can be no longer assumed as identical with the external 
pressure. 

There is now no difficulty, with equation (29a) as a help, in 
discussing the question still furtlicr, but it is only necessary to discuss 
it approximately. Far more reliable formulas are obtained when 
we remember, in transforming the general equations (18) to (21), 
that the adiabatic curve of dry steams and wet steams has the 
same general course as for gases, with the difference that the 
exponent n for steam is given by the relation «= 1.035 + 0.1 xi, and 
therefore for dry steam, for which xy = \, we must use /t= 1.135. 

In such a case we use for short simple orifices the formulas 
which were developed in Vol. I, pp. 247 and 250. If we at the 
same time introduce the resistances, the adiabatic curve will pass 
over into the polytropic curve with the exponent n instead of «, 
and designating the coefficient of resistance by C there obtains the 
relation (Vol. I, equation 32, p. 247) 

„ AC— n 

^~K{n-iy 


( 30 ) 
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With what has been given, the question of efflux of steam might 
be regarded as settled, were it not that here, on closely examining 
the given formulas, we sometimes encounter, as in the efflux of 
gases (see Vol. I, p. 240), numerical results which seem unaccept- 
able, for example, if we hold fast, as in the preceding example, to 
the assumption that the pressure in the receiving vessel is always, 
identical with the pressure in the orifice. For a fuller presenta- 
tion of the question indicated, we will first convert the above for- 
mulas (22) to (25) to approximate ones. 

If, in so doing, we neglect the resistances by putting 6;o==0, 
then we find that in equation (22) the second and third terms of 
the right member are nearly equal, so that we can write 




ri 

AuiTi 




(26) 


Moreover, the first term of the right member of equation (23) 
can be neglected because it is very small and we can thus write 


r Ti 


(27) 


If we utilize C I a p e y r o n’s equation (22), p. 29, in these 
two formulas, namely, use 


r _dj) 
AuT~dt’ 


(28) 


abbreviating with <j> in so doing the differential coefficient of the 
right member, we shall get 


(26a) 

also 

4>v=(f>xVi, (27a) 


and there accordingly follows, from the relation Gv=Fw for the 
discharge G of steam and water, the approximate formula 


G 4> | 2g^i 

F 


{Tx-T), 


. (29) 
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Let us first work out the example without considering the resistances; 
i.e., for and next work it out on the supposition that the considera- 

tion of the resistances has led to the value =9.125. We v/ill put the 
approximate results for these two cases side by side. 

Here we find for 

ojq = 0 or =0.125, 

according to equation (22), 

2 2 

=18.917. or A^ = 17.236 

2g 2g 

=34.051 or A^ =31.0251, 

L 2g 2g J 

and from this the efiiux velocity: 

tc =390.70 or u) =378.06 
[u» = 1301.5 or 2 ^; = 1242.3]. 

The ratio of the second value to the first is called in hydraulics the 
coefficient of velocity; the ratio is 0.954. From equation (23) there now 
follows the specific volume in the orifice: 

?; = 1.6050 or t; = 1.0218 
[i; = 25.710 or v =26.040]. 

And the steam quality x at this place is 

a: =0.9724 or a: =0.9826. 

The resistances, thc^reforc, increase the specific volume and the steam 
quality. Finally the discharge of steam and water in kilograms 
[pounds], according to e(|uation (25), amounts to 

=247.16 F or r;=233.48F 
[O; =50.621 F or 0= 47.82 F] 

The ratio of the second value to the first is designated in hydraulics as 
the coefficient of efflux, and is hc?re 

0.945. 

The quantity of steam discharged per second is 

=240.34 F or =229.42 F 
[r;a:«49.225F or Go: =46.988 F], 

and the quantity of water: 

r;(l-»x) -6.82 F or 0(1 -x) »4.06 F 
[0(1 -x ) « 1.397 F or 0(1 -x) =0.832 F]. 

Hie example may well correspond to the conditions which exist with a 
conical adjutage that is well rounded on the inside. 
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But here, as there, these equations presuppose adiabatic efflux 
and are also subject to the express assumption that the resistances 
may be neglected. 

In place of the foregoing equations, however, use may be made 
of the equations of the second transformation (p. 156, etc.).' 

If we take the resistances into account, then, according to 
equation (VI), p. 159, we have for wa=0: 

A ^=^:^^(T^^T)v^+c^(T,^T)^(co + coo)T log, (22) 

where Vi^ui -ha represents the specific volume of the dry steam in 
the discharging vessel. The value w for steam must be put equal 
to unity when ojo represents an experimental value which depends 
upon the magnitude of the resistances. 

The specific volume in the plane of the orifice; may be derived 
according to equation (V), p. 159, from the formula 

V = (oj -h COq) loge "y • • • . (23) 

the steam quality x at this place follows from 


v = xu-ha, (24) 

and the discharge from the equation 

Gv^Fw (25) 


If we neglect the resistances, we must substitute ^o=0 in these 
formulas; they then lead to the same results as equations (18) to 
( 21 ). 

Example. Suppose steam to flow from a boiler carrying the pres- 
sure Pi = 1.6 atmospheres into the open air. In so doing it is 
assumed that the external atmospheric pressure 
extends up to the plane of the orifice, so that we may 
write p=.l atmosphere. Here w^e must, for steam, place cd=l, and, accord- 
ing to Table 11 of the Appendix, substitute in the preceding formulas the 
quantities: 

T, =386.69, =526.786, u, = 1.0596, = 1.0606 for = 1.6 X 10333, 

T =373.00, r =536.500, u = 1.6495, forp = 10333, 

FTi = 696.042, =948.215, w, = 16.974, t;i = 16.990 for p, =1.6x2116.31,1 

IT =671.40, r =965.700, u =26.423, for p = 2116.31.J 
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If the whole question of the discharge of boiler water were of 
special technical importance, and it may become so sometime, 
then the repetition of more careful experiments would appear 
desirable. It would then be well to extend more fully than was 
done above the theoretical investigation of the occurrences here 
taking place. 


§ 23. EFFLUX OF DRY SATURATED VAPORS FROM 

SIMPLE ORIFICES UNDER CONSTANT PRESSURE. 

Let the steam flow from a large steam space, in a boiler which 
is maintained at constant pressure, through a simple orifice to 
another space in which the pressure is kept at constant height 
(hence we must make Wi = 0 in equation (Id), p. 156, and must 
substitute Xi = l, because it is assumed that dry saturated steam 
exists in the discharging vessel) ; we then get for the calculation of 
the efflux velocity w the equation 

^'£ = ^^(^1 -7) +q^ -q-Tiz^-r) +Ao(p^ -p), (18) 

where the pressure p and the temperature T in the p 1 a n e of 
the orifice are assumed as known. 

The steam quality x in the plane of the orifice is found accord- 
ing to equation (3), p. 156, from 

^=Ti-T + ^, (19) 


the specific volume from 

v=xu+a, (20) 

and then the weight G of steam and water, which flows per second 
through F square meters [square feet] of orifice section, is found 
from the equation 

( 21 > 


Gv=Fw, 
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the orifice of discharge. In deriving the formulas given above, it 
is assumed that there is reversible adiabatic expansion during the 
flow toward the orifice, and therefore that when discharge into 
the open air takes place both the water and the steam have the 
temperature of 100° C. [212° P.] in the plane of the orifice. This 
assumption, however, is evidently not realized with such short 
orifices as existed in these experiments. 

The quantity of water discharged is disproportionately exces- 
sive, relatively to the steam discharged, and we must therefore 
assume that on this short path the water does not experience at all 
the prescribed lowering of temperature; for example, with 6 atmos- 
pheres of boiler pressure the temperature of the water does not 
fall from 159.2° to 100° C. [318.56° F. to 212° F.]. Consequently — 
always keeping in mind orifices inserted directly into the boiler 
wall — the water will reach the orifice itself in a highly super- 
heated condition and outside of the orifice, corresponding 
to the temperature of 100° [212°], will rapidly evaporate. Doubt- 
less with short orifices there exists, during the flow toward the 
orifice of efflux, anon-reversible process. That this 
is the case is clearly shown by the reproductions which S a u v a g e 
gives in the photographs of the steam and water jet outside the 
orifice (see p^ 198 and p. 199). The steam jet appears in the form 
ofaparaboloid of revolution whose vertex lies near 
the plane of the orifice, the jet spreading more the greater the 
boiler pressure. 

The ordinary steam jet looks very different; from the orifice out- 
ward, for a long distance, it expands simply in conical fashion. 

Doubtless the observations on the discharge of boiler water 
would agree better with the results of the above theoretical investi- 
gation if we gave the hot water flowing toward the orifice a chance 
to cool down to a pressure corresponding to the orifice pressure, 
which could be realized by inserting a long pipe between the boiler 
wall and orifice. On the other hand, when discharging ordinary 
boiler steam the short orifice may be inserted directly in the boiler 
shell, because here the small amount of water mixed with the 
vapor can easily evaporate, and thus perfectly follow the change 
of temperature. 
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The difference of the numerical values of the two rows is e\T.- 
dently very marked, and in the second row the equality, already 
discussed, is apparent. The attempt that I made some years ago 
to test the foregoing propositions experimentally, by collecting in 
a receiving vessel the discharging mass of steam and water and 
cooling and condensing it there by a jet of cold water and then 
measuring it, did not succeed. Recently experiments of another 
kind, in the direction considered, have become known. 

S a u V a g e 1 induced the engineers P u 1 i n and B o n n i n 
to make these experiments, which were conducted in 1890. An 
upright, cylindrical steam boiler (the Field boiler) was provided 
•with a well-rounded orifice 22.4 mm. [0.882 in.] in diameter, and 
connected with the water space of the boiler by a pipe only about 
200 mm. [7.S74 in.] long, provided with a cock; the discharge 
therefore took place in a horizontal direction. The quantity of 
water discharged from the boiler during the period of efflux was 
determined from the boiler cross-section (above the heating tubes) 
and from the observed lowering of the water level (after boiler 
feed had been shut off). 

The complete statement of this series of experiments must be 
looked for in Sauvage’s article; in the following there are 
presented, for a few boiler pressures, the observed mean values for 
the discharge in kilograms [pounds] per sq. cm. [sq. in.] of orifice 
area. 

Boiler pressure : 2 4 6 atmospheres. 

1.09 1.15 1.34 kg. 

[15.503 16.357 19.059 lb.] 

The first value, corresponding to a boiler pressure of 2 atm., is 
reported as being quite unreliable. But if we compare the values 
here given with those in the second row of the preceding tabula- 
tion, it will be noticed that the observations differ greatly from 
the results of my calculations; the former, as Sauvage points 
out without further remark, give about ten times more discharge, 
but the enormous discrepancy is explained by the short length of 

^ Sauvage, ^^Ecoulement de I’eau des chaudii^res/^ Annales des Minefa, 
1892. Ninth Series, Vol. 11, p. 192. 
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sure the quantity of the discharge may be regarded as approxi- 
mately independent of the boiler pressure. If the discharge 
takes place into the open air and we substitute in the preceding- 
formula for r, u, and T the values corresponding to the atmos- 
pheric pressure, we find, because for water w = l, 

(?= 1090.2 F 
[(?= 223.287 F], 


or 0.1090 kg. [lb.] per sq. cm. [1.5512 lb. per sq. in.] of orifice area 
(see example on p. 161). 

The results of the preceding investigation depart completely 
from the results furnished by known hydraulic laws. 

For the simple efflux of cold water, or when the changes of 
temperature during the flow toward the orifice are so small that 
steam formation does not occur, the equations (8) to (11), p. 160, 
give 


V)^ 




furthermore x=0, v = o, and accordingly the weight of the water,, 
which flows per second through the cross-section of F sq. m. [sq. ft.ji 
(neglecting resistances), is 

G=F^. 


From these formulas we have computed, for the different boiler 
pressures given in the first row, the water discharged in kilograms 
[pounds] per second through an orifice area of o n e square centi- 
meter [square inch], cold water being assumed. The second row 
gives the discharge of water (measured in the interior of the boiler) 
which attains efflux under the corresponding steam pressure and 
is computed from equations (8) to (11). 


pressure : 2 

4 

6 atmospheres. 

1.4238 

2.4662 

3.1838 kg. 

0.1095 

0.1106 

0.1113 kg. 

[20.251 

35.077 

45.283 1 

L 1.5574 

1.5731 

1.5830j 
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oi the boiler takes place under high or low pressure, the time 
of discharge must lead to the same value, provided that in each 
separate experiment the water level in the boiler is the same at 
the beginning and at the end of the blowing off. 

It must be noted of course that these results are only valid 
under the express proviso that the resistances are so very small 
that they can be neglected. 

When considering the resistances, we must make use of the 
results furnished above by the second transformation of the gen- 
eral equations. 

For this case, equation (Via) gives, when we substitute Wi=0 
.and Vi = (jy 

+ . (15) 

and from equation (5a) there results 

^v-yJ^^<^H<o + ojo)(T,-T) (16) 

If we again neglect the resistances here, we must make 
if we also neglect the terms containing the factor c there will 


follow, from equations (15) and (16), 

w=(Ti-T)->Jj^, (15o) 

^ = oj(T i-T), (16a) 

and therefore from the relation Gv = Fw we get for the discharge 
G the approximate formula 




This formula, in fact, no longer contains any magnitude which 
depends upon the boiler pressure pi, and thus we have shown 
theoretically that in the discharge of boiler water under steam pres- 
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furthermore from equation (8), 

A— -3.516 Cal. [6.3288 B.t.u.], 

and from this we get the efHux velocity 

t(? = 171.02 m. [561.097 ft.]. 

The mixture of steam and water, measured in kilograms [pounds], which 
flows per second through F sq. m. [sq. ft.] is, according to equation (11), 

[(9-227.12 n 

and of this there exists in the shape of steam 

D = 130.0 F 
[D =26.626 F]. 


The steam quality x\ after the distribution, is found from equation (13) or 
(14): 

a:' =0.1068. 

If, as in the preceding example, we carry through the calcula- 
tions for different boiler pressures, and under the supposition that 
the pressure in the orifice in all cases is identical with the external 
atmospheric pressure, we get the peculiar result that the weight G 
of water and steam discharged per second is nearly constant 
for every boiler pressure; it is therefore approximately indepen- 
dent of the boiler pressure and thus depends only on the magnitude 
of the external pressure, the pressure of the orifice,^ a proposition 
which can be theoretically justified, as will be shown at once. 

Here the efflux velocity w and the steam quality x in the 
plane of the orifice appear greater the higher the boiler pressure 
considered. 

Accordingly, if we allow water under steam pressure to flow 
from a calibrated boiler through the water cock, then, according 
to the preceding, equal quantities should be discharged in equal 
times, independently of the boiler pressure; whether the emptying 

‘ See author^s article: '*Uber den Ausfluss von Dampfen und hocherhitzten 
Elussigkeiten.^^ Ziviiingenieur, Vol. 10, 1864, p. 105. 
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The mass of steam and liquid, measured in kilograms [pounds], 
flowing through the orifice in a second, is 

G=F- (11) 

The weight D of the steam quantity which passes the orifice 

per second is finally 

D = (12) 

while the liquid passing the orifice is G(1 —x) kg. [lb.]. 

If the pressure p, in the plane of the orifice, is identical with 
the pressure that prevails outside of the boiler, then when the 
liquid leaves the orifice and during the passage into a condition of 
rest, a part of the liquid will be converted into steam under 
constant pressure p, and this will take place as if heat 
were supplied from the outside to an amount equivalent to the 
energy of flow given by equation (8). 

If x' is the steam quality in the final condition of rest, then the 
relation 

A^==r(x'-x) (13) 

will hold and from it x' may be determined. From the combina- 
tion of this equation with equations (8) and (9) there follows, 
moreover, for the direct calculation of the steam quality x', the 
formula 

rx' = qi-q+Aaipi-p) (14) 

Example. In a boiler, water has the steam pressure of Pi «*5 atmos- 
pheres and its temperature is *=152.22° [305.996°]. Let the hot boiler 
water discharge into the open air, so that p«=l atmosphere and ^*=100® 
[212®]. Using Table 11 of the Appendix we now calculate, by equation (9), 
the steam quality x in the plane of the orifice; then 

a;«0.0929, 

and consequently 1 - a: **0.9071 is the quantity of water; from equation (10) 
we find that the specific volume v at the orifice is 


! 


ii 



v -0.1532 [2.4541]; 
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I 



and content ourselves with the first two terms of the series. Then 
equation (VI) gives 

Prom equation (V) there is also found approximately, when 
we content ourselves with the first term of the series in equation (7), 



U I I Ui 

§ 22. EFFLUX OF HIGHLY HEATED LIQUIDS FROM 
SIMPLE ORIFICES UNDER CONSTANT PRESSURE. 

Suppose a vessel, for example a steam boiler, to contain liquid 
and steam of the pressure pi and the temperature ti corresponding 

f to the pressure. Let the lower part of the boiler in 
the water space be provided with a discharge-pipe 
well rounded on the inside and possessing a cross- 
section of efflux P sq. m. [sq. ft.]. Let the pressure in 
the plane of the orifice be p, its specific volume there 
v, and the efflux velocity w. Here we must put the 
r«’ initial velocity =0, likewise the initial steam qual- 
Fig. 17. .^y formulas of the first transfor- 

mation will give us the following, when we neglect resistances. 
According to equation (la), 

^:^==qi-q~'r(ri-T)+Aa(pi-p) ( 8 ) 

The steam quality x, in the plane of the orifice, is to be determined 
by equation (3) from 

xr=r(Ti-r) (9) 

and then the specific volume v, at the same place, is to be found 
from 


V = XU + <T. 


( 10 ) 
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The mass of steam and liquid, measured in kilograms [pounds], 

flowing through the orifice in a second, is 

G = F- (11) 

V 

The weight D of the steam quantity which passes the orifice 
per second is finally 

D = Gx, (12) 


while the liquid passing the orifice is (?(1— x) kg. [lb.]. 

If the pressure p, in the plane of the orifice, is identical with 
the pressure that prevails outside of the boiler, then when the 
liquid leaves the orifice and during the passage into a condition of 
rest, a part of the liquid will be converted into steam under 
constant pressure p, and this will take place as if heat 
were supplied from the outside to an amount equivalent to the 
energy of flow given by equation (8). 

If x' is the steam quality in the final condition of rest, then the 
relation 

■^='rix!-x) (13) 

will hold and from it x' may be determined. From the combina- 
tion of this equation with equations (8) and (9) there follows, 
moreover, for the direct calculation of the steam quality x', the 
formula 

rx' = qi-q->rAa(:pi-p) (14) 

Example. In a boiler, water has the steam pressure of 2 ?i atmos- 
pheres and its temperature is tx^l5222° [305.996°]. Let the hot boiler 
water discharge into the open air, so that p«=l atmosphere and ^**100° 
[212°]. Using Table 11 of the Appendix we now calculate, by equation (9), 
the steam quality x in the plane of the orifice ; then 

a; -0.0929, 

and consequently 1 -a;— 0.9071 is the quantity of water; from equation (10) 
we find that the specific volume v at the orifice is 


D -0.1532 [2.4541]; 
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and content ourselves with the first two terms of the serit-* 
equation (VI) gives 

r n . . ,, , STl-T) -^,rr, rr>\ 

^ 2 ^ cyrjt ^ ^ 

From equation (V) there is also found approximate 
we content ourselves with the first term of the series in eq.T-i^ 

tt' jI 1 


§ 22. EFFLUX OF HIGHLY HEATED LIQUIE>S 
SIMPLE ORIFICES UNDER CONSTANT PRESSL- 


Suppose a vessel, for example a steam boiler, to cont^i 
and steam of the pressure pi and the temperature tx correi- 
to the pressure. Let the lower part of tho 
the water space be provided with a discli«J 
well rounded on the inside and possessing? 
section of efflux F sq. m. [sq. ft.]. Let the 
the plane of the orifice be p, its specific volinii 
V, and the efflux velocity w. Here we must 
initial velocity Wi=0, likewise the initial stxsa 
ity xi‘=0, and then the formulas of the first 1 
mation will give us the following, when we neglect resistar*. 
According to equation (la). 



^^=3i-2-2’(ri-T)+Aor(pi-p). . 


The steam quality x, in the plane of the orifice, is to be det 
by equation (3) from 

xr=T{zx-r) 

and then the specific volume v, at the same place, is to b 
from 
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■change of temperature (see Vol. I, equation (28), p. 246). Now 
supposing that the same assumption may be made for flowing 
Tapors, under certain conditions, for example during the efflux 
through simple orifices, we may then take 


AdW^-cjodT, 


where coo is a constant which is to be determined by experiment 
for the case in question. 

From equation (IVa) then follows 

— (oodT = (odT + Td > 


and from this, by integration. 



■■(w + COo) loge 


(V) 


and then, according to equation (Ilia), 


+co{T^-T)-{a>+<oo)T log. (VI) 

If there are no resistances, that is, wo=0, then, according to 
equation (V), we must conclude that the resistances increase 
the specific volume v, and consequently also the steam quality x] 
■on the other hand the velocity w, in the cross-section F, will be 
diminished, other things being equal. 

If the difference of pressure in the two cross-sections is incon- 
siderable, then the temperature difference is still more so; we can 
therefore develop the logarithm occurring in equation (VI), ac- 
cording to a series; 




Ti-n 

T J 


Ti-r 

T 


hlTi 

■2\ 


T 




+ ■ 


( 7 ) 
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Not uatil we know how W changes with pressure and volume 
can we determine for the pressure p of cross-section F the corre- 
sponding volume and the velocity w. 

For the special case in which the resistances are 
neglected, i.e., for dW = 0, equation (IVa) gives, by integra- 
tion, 

o)\QgeT+-^v=(o\ogeTr-{-^^Vi, . . (IV&) 

and from this equation we can calculate the specific volume v of 
the wet steam in cross-section F] the steam quality x, at this 
place, can then be found from the relation v=xu+a. 

Utilizing equation (IVh) in (Ilia) gives 

As soon as w is determined from this formula the weight G of 
the steam and liquid mass which flows per second through the 
cross-section F can be found from 

Gv=Fw (6) 

The last formulas are valid only under the supposition that no 
hurtful resistances exist, such as friction of the flowing fluids 
along the walls. 

Strictly speaking, such resistances are, however, always on 
hand and the loss of work appears as a diminution of the 
kinetic energy, of the energy of flow, the corresponding work 
is transformed into heat, and the action is the same as if heat 
were supplied to the mass from the outside, and this is indicated 
by the structure of the above formulas (lie) and (IVa). 

As yet there is no way of representing AdW analytically with- 
out having recourse to certain hypotheses. 

i When investigating the eflSux of gases and introducing resist- 
ances into the' calculations, I have started from the assumption 
that the work of resistance dW may be taken proportional to the 
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heat supply, then, taking account of the relation r=p+A'pu and 
substituting equation (5) in equation (la), we get 

dH = dQ-wdT-d(^-^ (Ill) 

Moreover there follows from equation (Ila), with the help of 
equation (51a), 

dQ+AdW=^<odT+A Td (t'^) . 

According to Clapeyron’s equation, however, 

dp r 
dt AuT’ 


which causes the preceding equation to take the following form: 


dQ+AdW=o)dT+Td{^i) (IV) 


Equations (III) and (IV) include the result of the preceding 
second transformation. 

If, as in the first transformation, we imagine flow to occur 
without heat supply, then dQ—0 and we get by integration, from 
equation (III), 


A ^ = ioiTi — T)-\ — vi — V, 

2g ^ ^ ^ ui '■ V, ’ 


(Hla) 


while equation (IV) can be written in the form 


AdW=ojdT+Td(^-^v'^ 


(IVa) 


Here again applies what was said when discussing equation (Ic) 
and (He), which are of course identical with the preceding equa- 
tions. 
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It is evident from this equation that it, also, does not lead to a 
solution, i.e., to the determination of the quality x, because, first 
of all, it is not known how the work of resistance AdW, that is 
transformed into heat, is connected with the independent variables 
X and p. 

For the case in w^hich the hurtful resistance may be neg- 
lected and hence AdW = 0, the solution is of course at once ten- 
dered possible; we get from equation (lie) 


xr xiTi 


( 3 ) 


From this equation the steam quality x can be determined, and 
if we substitute equation (3) in equation (Ic) ^ we get 


^ (w ^Wi ) ^ +2^ _g.. _ f) ^Aaipi -p). (Id) 


2g 


Ti 


When w is found from this we can determine the weight G of 
steam and liquid which flows in one second through the cross-sec- 
tion F, from the equation 


G(xu + (j)—Fw (4) 

Second Transformation. According to the presen- 
tation given on p. 58, equation (52) there gives the inner work U 
in the following form; 


AdU=ci)dt+d(v^ ( 5 ) 

Let us now return to the general equations (la) and (Ila) and 
assume the axis of the vessel to be horizontal, as in Fig. 16, i.e., 
assume dh=0; in addition we will again take up the thought of 

' The formulas given in the text for the eflflux of wet steams, when the hurt- 
ful resistances are neglected, I developed first in my book ^‘Das Lokomotiven- 
blasrohr,” Zurich, 1863, and later I continued the investigation in Zivilinge- 
nieur, Vol. X, 1864, p. 87, and VoL XVII, 1871, p. 71. 
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and from equatioii (Ila) 

Ad,W=^A[dU +pdv] iW 

Addition then produces the relation 

d{HAW)^-vdp, (HD 


which equation was discussed graphically in Vol. I, p. 

First Transformation. In wet vuioors v—xu+n, 
and, according to equation (41), p. 54, 

AdlJ = dq-Vd(xp)] 

hence, according to equation (II^, we have, if w(! utilize the relntimi 

r=p+A'p%, 

AdH= -[dq+dCxr) +Acdp], 
and from this, by integration, 

-q +X\ri -xr . . (k) 

This equation is still insufficient, however, for the solution of 
the problem; even if we know the quantities Wi and Xi in tlic first 
cross-section Fi and the pressure pi with the atterulnnt valuo.s //( 
and ri, and in addition know the pressure ■}> in the Hceontl 
sectionF, still we cannot determine the velocity w iti the latter 
section, because we do not know beforehand the sttuini cpiality x. 
For tMs purpose we must get the help of equation (116). 

According to the third transformation of the fundamiintnl 
equations given on p. 58, equation (II6) can bo writlen iu tiic 
following form: 


(Ik) 


AdW^Td(xA~) 
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and E are the values of the energy of flow of the unit of weight in 
the first and second cross-see tions, i.e., 


vP 






( 1 > 


As second fundamental equation there was found 

Q-{-AW=A(,U-Ui)+Afpcb, .... (H) 


or, written in the differential form, 

dQ+AdW=A[dU+pdv], 


.... (Ha) 


where W represents the work of the hurtful resistance encountered 
on the path from Fi to F, reduced to the unit of weight of fluid. 

Finally, if G is the weight of the fluid which passes through 
every cross-section under normal running conditions, we have in 
addition the equations 


Gv=Fw and Gvi=FiWi. 


( 2 ) 


In applying these formulas to flowing vapors, we will, for sim- 
plicity, assume throughout that the axis of the vessel is horizontal 
U asinFig. 16, i.e., will assume h=^i; let us 

^ ^ -y also presuppose adiabatic flow, con- 

sequently the fluid neither receives nor 
*' rejects heat, and therefore Q=0 and dQ = 0. 

In spite of these limitations, which, 
moreover, may easily be dropped, the following formulas in- 
clude aU technically important cases. 

IVe now get from equation (la) 


4 

Vt 


AdH=^ -Aid{pv) +dU], 


m 
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and this would determine the weight of water G which is sucked 
in by the steam weight Gi. If we wished to choose h, this formula 
would give the minimum quantity of water G necessary to effect 
complete condensation. 


III. The Flow and the Efflux of Wet Vapors. 


§ 21. FUNDAMENTAL FORMULAS FOR THE FLOW OF 

WET VAPORS. 

The fundamental equations derived in general in Vol. I, § 40, 
p. 225, for the flow of any fluid, with the assumptions there made, 
can at once be converted into the form which will render them 
directly serviceable for the purpose of investigating the flow of 
wet vapors. 

Suppose a fluid under the sole influence of gravity to flow 
through a vessel FiP of continuously 
varying cross-section (Fig. 15) down 
through a vertical height (h — hi)-, sup- 
pose that for the upper section Fi there 
are given pressure and volume pi and Vi, 
also the velocity Wi ; and suppose that at 
the lower cross-section F the designations 
p, V, and w represent .similar quantities, 
then, for the first fundamental equation (Vol. I, p. 229), there is 
found 



Fio. li: 


Q=.A[pv-p^v,+iU+H)-iUl+H^)-(h-h^)l . (I) 

or, written in the differential form, 

dQ==A[d(pv)+dU+dH~dhl .... (lo) 

where Q represents the quantity of heat which must be supplied 
from without to the unit of weight of the fluid along the path 
from Fi to F; Vi and U are the values of the inner work, and Hi 


152 


TECHNICAL THERMODYNAMICS. 


■able; this statement, however, only holds for the case of boiler 
feeding. As a water-raising apparatus the G i f f a r d steam-jet 
pump is, mechanically, very unprofitable, because the unnecessary 
heating of the lifted water utilizes the steam in an unsuitable 
fashion. Finally, it is worthy of note that from all the formulas 
developed there can easily be derived approximate formulas, 
when the terms containing the factor A are 
left out. 

In this case equation (45), p. 144, gives 


{GAGi)q2~Gi(qi -hxiri) +Gqj 


or if we assume dry saturated steam, designating as before the 
total heat qi 4 -ri by Ai, and finally, for the comparatively low tem- 
peratures t 2 and tj substitute the temperatures themselves, we get 


GiAi '\'Gt 


(45a) 


Accordingly we determine, approximately, the temperature t 2 of 
the jet at its entrance into the receiving tube E (Fig. 13, p. 142). 

Neglecting as before, there follows from equation (50), p. 148, 
52' ==32 or 

(50a) 

according to which, the temperature U of the jet, after its dis- 
tribution and attainment of a condition of rest, can be assumed 
as nearly equal to its temperature ^2 at the entrance into the re- 
ceiving tube, and probably in most cases can, with sufficient accu- 
racy, be taken as of equal value. 

Equation (45a) has been much used, but of course the users 
did not notice that it is only approximately correct. 

If the temperatures ti, and ^2 were known there would follow 
from equation (45a) 

G Xi-'t2 
G\ ^2 — tf ^ 


( 456 ) 
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During the return of the piston the water is forced against the 
back pressure pi into the boiler^ and the work U' of this forcing 
action is 

L"^Fs(p,^p). 

Both works taken together give the whole pump work L (of 
course neglecting all frictional and hydraulic resistances), which 
then amounts to 


L=F.r[^+k]. 

Let Psy=G be the weight of the feed-water, and, because the 
relation ya=l obtains, we then have for the work of the pump 

L = (r[(pi— (54) 

In the boiler the feed-water must be heated from t to h, which 
requires a heat quantity Q' which is determined by 


Q'=G{q^-q), (55) 

but in the present case the heat quantity corresponding to the 
pump work L is not, say AL, but something greater, even if the 
pump is driven by a theoretically perfect engine. If we substitute 
the heat quantity <]>AL consumed in performing the work, where 
there follows for the quantity of heat Q, which is absorbed 
by feeding with the feed-pump, 

Q=‘G{qi-q)+ Mlifi -p)a +h], 

while, according to equation (53), the amount found for the injector 
proved to be 

Q=G{qi-q) +.4[(pi -p)a 

Accordingly the injector, as a feeding apparatus, is better than 
the feed-pump, indeed from the theoretical standpoint the injector 
must be regarded as the most perfect feeding apparatus conceiv- 
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independent of the quantity and constitution of the steam (of Gl- 
and xi) which is necessary for running it; it is also independent 
of the temperature of the jet in orifice Fo (Fig. 13) and of the 
temperature t 2 at which the water enters the boiler, and, further- 
more, is independent of all the separate dimensions of the injector, 
provided it works at all, and does not fail. 

The two terms Aa{pi —p) and Ah are in most practical cases 
so small that they may be neglected; the amount of the suction 
height h and the pressure p have accordingly a very subordinate 
influence on the heat quantity Q; it is therefore a matter of indif- 
ference whether the pressure p, as in the G i f f a r d injector, is 
identical with the external atmosphere, or, as in the S c h a u s 
injector, is identical with the pressure in the mixing chamber. 

To be sure, the formulas obtained give no clue whatever as 
to the several dimensions which are to be given to the injector; 
but, for the starting and setting into action, 
the suction head h and the temperature t of the feed-water will be 
of marked influence. 

The comparison of the injector with the ordinary feed-pump is 
of technical importance. 

Let A (Fig. 14) be the cylinder of a feed-pump, F the cross- 
section of the piston, S the piston stroke: let the pump suck water 

from the open vessel B through the 
height h. T]ie cylinder is supposed 
to be open on the right-hand side, 
regarded as single-acting, and the 
atmospheric pressure p will prevail 
to the right of the piston; to the left 
of the piston there will exist the 
pressure (p-hp), where p represents 
the specific weight of the water 
(r=1000) [r=62.425]. The differ- 
ence of the two temperatures is 
accordingly hp, and the piston force 
during suction is Fhp, hence the work L' is 



L'=Fhps. 
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If we substitute this value in equation (45) we get 
G[q2 -q+Aa{'p2-'p)--A}i\^Cri{li-<l2' +Aa{pi-p2)\ (51) 

If we regard the injector as a feeding apparatus and accordingly 
replace cylinder A and cylinder B by the steam boiler, then p 2 =Pi 
and equation (51) is transformed into 

G[q 2 '-q +Aa{pi -p) -Ah]=Oi{qi -q-A Aziri). (51a) 

If we now add G(qi—q 2 ) to both members of this equation, we 
get 

G[qi-q+A(T{pi-p)-Ah] = (Gi +G)(qi.-q 2 ') +GiXiri. (52) 

This equation constitutes the principal result of the calorimetric 
investigation of the G i f f a r d steam-jet pump. 

The right member of this equation represents nothing but the 
heat quantity needed for the running of the injector. For is 
the weight of a quantity of steam and water which in a given 
time, say in a second, passes from the boiler to the injector; united 
with the feed-water quantity G, it returns to the boiler and, after 
distributing itself there, has the temperature ^ 2 '- 

Now the weight (Gi+G) must be brought from the tempera- 
ture t 2 to the boiler temperature h, wloich requires the heat quan- 
tity iGi+G)(qi—q 2 '), and then the consumed steam quantity 
GiXi must again be evaporated under constant pressure, which 
demands a heat quantity GiXiri; in fact, as was maintained, there 
is needed for running the injector a heat quantity 

Q — (Gi +G){qi — jaO +GiXiri. 

According to equation (52) there is then also found 

Q=G[qi—q+Aa(pi—p)+Ah], .... (53) 

w'hen the sign of h is changed and it is assumed that the feed- 
water is not forced on the injector from the pressure head h, but 
has to be sucked up the height h through the injector, as is ordi- 
narily the case. 

The preceding equation leads to very remarkable results; it 
shows that the heat needed for feeding with the injector is entirely 
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Moreover, in this experiment, the acljtzstablc steam nozzle was pushed 
so far forward that the influx cross-.section for the eoki wat(;r was greatly 
contracted and the ratio of the steam weight O', to the wz'ight (I of the sueked- 
in water seemed abnormal. As a feed apparatus, the injector would have 
failed to work with the data underlying this e.xperiinent, and this is <*vi( lent 
from the value of the velocity head -L45S m. [14.02f> ft.] corre.sponding to t he 
velocity because the excess of steam pressure in the lioilcT, of 1 .15 atmos- 
pheres, corresponds to a water column of 13.4 m. [43.!)t)4 ft,.]. 

Second Part. Let us now assume, in addition, (litit the 
jet flowing from the orifice Fq (Fig. 13) is caught Ity tlu^ receiving 
tube H and is led to the cylinder B, where tlie mass {zasses into a 
condition of rest, pushing back the piston and overcoming, in so 
doing, the constant back pressure jp 2 - 

At the end, after the spreading has taken place, let the t(*in- 
perature be tz' and then the heat contents will be Jz' ~ (G +G),)qz'. 
The initial contents Jz, in the orifice Fo, are determined by (>qua- 
tion (41). The work L, performed in cylinder B, is found to be 

L=(G+Gi)(pz~p)a, 

and there follows from equation 

Jz^Jz'+AL, 

and with the help of the given expressions, 

^i+A-^—qz' +A(pz—p)<7 (50) 

be characterized as successful ones, they have not, thus far, been re|x>rted, be* 
cause I hoped again to take up and continue the experiments on a more extendtMl 
scale and particularly with a higher boiler pressure and perhaps under still mom 
favorable conditions; the experiments at Zurich only went to alxiut 3-^1 atiiiofi- 
pheres, but the expectation that in the interval others would ccjnduct similar 
experiments suitable for scientific needs has not l>een fulfilled. It m surely a 
curious fact that even at the present time we do not possoMi a theory of ihn 
injector that is based on reliable experiments, althoii^ this apparatus is %vriik“ 
ing in numberless cases and the experiments, of the Mnd I mmn, and wh rh 
meet more than purely practical ne^s, would cost but little. 

I will add that in my experiments at Zurich the steam enteral the injeeior 
in the dry saturated condition. The tanks employed wnsiated of rectangtikr 
boxes which were jointed by planed iron pktes and provided with verakrs for 
the accurate’ determination of their water levels. 
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iDoiler pressure was therefore 2.3 atmospheres and, according to Table 11 of 
the Appendix, the values corresponding to this pressure are: 

^, = 125.07°, = 125.97, r, =518.677 

[t,=2o7.1S°, (7, =226.75, r, =933.62]. 

If we substitute the given values in equation (47) and neglect the very 
.small quantity A/i =0.003 cal. [0.0054 B.t.u.], we get, from the quoted 
equation, 

a:, =0.993, 

which is so nearly equal to unity that we may assume that the steam is 
dry saturated which flows from the steam boiler to the injector. 

The substitution of the given numerical observations in equation (46) 
gives, for the present case, 

+ =39.56 [69.408]. 

The cross-section of the orifice Fn has a diameter of do =“19-2 mm. [0.4014 
in.], whose cross-section amounts to Fo -81.71 sq.mm. [0.12665 sq. in.]; 
through this flows in one minute the quantity of liquid Gd-Gi »“48.312 hg 
[106.51 lb.], or, per second, 0.S052 kg. [1.775 lb.]; hence, according to ccjua- 
tion (48), the velocity of efflux becomes 

ic>n —9.85 m. 

K -32.31 65 ft], 

where, to be sure, a was taken equal to 0.0010 [0.016]; we therefore have 

2 2 
~ =4.458 rn. [14.626 ft.] and =0.012 Cal. [0.0216 B-t.u.], 

2(j 2(j 

and hence, according to the preceding equation, 

g,«38.55 and 
[( 7 , =69.39 and 101.3°] 

as the temperature of the jet in the orifice.^ 

' The example in the text was taken from an extended, experimental 
which 1 conducted, at the beginning of 1870, on the experimental boiler of the 
engineering apparatus belonging to the Polytechnicum at Zurich; it was made 
with a large injector, partly to study the remarkable occurrences in the injector, 
but, particularly, to study more thoroughly the pressure conditions in the con- 
denser space, and also in part to get an experimental basis for the thex)ry of 
the efflux of steam, to which latter question we will return later on. Fifty- 
three experiments were made under different conditions; the example treat^ 
in the text was picked at random from the set. Although the experiments may 
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Furthermore we find from equation (46) the heat q 2 of the 
liquid and the corresponding temperature 1% of the water-jet in 
the orifice Fq. 

In utilizing equation (48) there exists, to be sure, some uncer- 
tainty; the water jet, issuing from the water nozzle Fo of an 
injector, has a milk-white appearance and seems to be loosely put 
together and swollen, so that the specific volume a is probably 
g . e a t e r than ordinary water. Many explain the phenomenon 
by saying that the jet, at this place, still carries with it uncon- 
densed particles of steam, which is possible; to be sure I have 
observed precisely the same phenomenon of a milk-white jet in a 
water- jet apparatus ^ in which there was no steam at all, whenever 
one of the two jets engaged in the mixing possessed a great velocity. 
The coloring and opaque character may accordingly be due to 
eddies and to a peculiar motion of the particles in the interior of 
the jet, and may be due to the air which the water has absorbed, 
and which becomes free when the wAter is warmed and subjected 
to a lower pressure. 

Example. During an experiment with an injector which was directly 
attached to the steam boiler, the mixture of cooling water with condensed 
steam, which constituted the water jet flowing through the orifice Fy (Fig. 13), 
was caught in a carefully constructed measuring tank, in which there existed 
at the beginning of the experiment =44.665 kg, [98.47 Ib.] of water of the 
temperature 4 =32,6 C. [90,68° F.], 

The duration of the experiment was exactly 60 seconds, and at the end 
of this time the measuring tank contained G 4- Gi +(7^=92.977 kg. [204.979 
lb.] of water of the temperature =37.76° C. [96.24° F,]. 

In the same time there flowed from the vessel C (Fig. 13), which was 
likewise an accurately constructed measuring tank, the quantity of water 
<7=46.266 kg. [102.0 lb.] whose temperature amounted to ^ = 12.0° C. 
[53.6° F.]. 

From this was first determined the weight Gi of steam and liquid which 
passed, in 60 seconds, out of the boiler and through the injector, namely, 

G, = {Gy +G,+G) -G -G, =2.046 kg. [4.51 1 lb.] 

The absolute steam pressure in the boiler was 1743.5 mm. [68.642 in.] 
of mercury, which pressure was read off from a mercury manometer. The 


^ Das Lokomotiven-Blasrohr. Zurich, 1863, p. 117. 
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which, at the start, there is G 2 kg. [lb.] of water of the temperature 
ts; at the end the tank contains the weight ((?i +G 2 +G) of liquid. 
Let the temperature be U. 

Then if the heat contents at the end are J 4 , we have 


Ji = (Gi' +G 2 +0)(][4. 

On the other hand, before the mixture, we have 
Jz^Goqs+iGi +0) {^2 

Now since work was neither taken up nor given off during the 
mixture, we have J 3 =Ji, or, according to the preceding equations, 

{G+Gx){^ 2-\-A.-^^ ={G+Gi+G2)q4—G-^z, . . (46) 

which is the second fundamental equation for the present particu- 
lar case. 

Combining equations (45) and (46) gives 

Gx[qi-qi+Xirx-\-Aa{'pi-p)]=‘G{q4~q-Ah) +(?2(?4-?.3). (47) 

All the quantities of this equation, with the exception of the 
steam quality Xi, can be found by observation. 

If the injector is directly attached to a steam boiler we have 
here a means of ascertaining whether the steam, flowing from the 
boiler to the injector, is dry or wet, and in the latter case can 
ascertain steam quality Zi- 

If the liquid quantities G and Gi are taken per second, and if 
Fo is the cross-section of the orifice of efflux in pipe K, measured 
in square meters [square feet], there follows, from the formula 

F qWo = (G +(jro) <y, (48) 

the efflux velocity wo, and from this the kinetic energy, measured 
in units of heat, 

wo^ A / ((?+(7i)»t \2 

^2g 2g\ Fq 1 ' 


. . ( 49 ) 
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through the space Gi{xiUi+a); the work Li taken up, 
in units of heat, therefore amounts to 


ALi’^AGipiixiU-i+a) - ( 

In the vessel C the level of the water is under the atmosp?!!* 
pressure p and moves through the space Ga', to this must st HI 
added the work Oh of the force of gravity; accordingly the an loi 
of work L 2 taken up, also measured in units of heat, here sum« 
to 

AL2==AG{paAh) (- 

Finally the weight of liquid {Gi AG) flowing through the orif 
Fq has the volume {G-iAG)a and must overcome the coiii-’f i 
atmospheric pressure p during the discharge. Accordingly 1 
work L3, expressed in heat which is given off, amounts to 

AU^A{GiAG)pa (^. 

Now the heat contents J 2 , at the end, are evidently equal to t 
heat contents at the beginning, when increased by the heat ecjui'^ 
lents of the work taken up, and diminished by the heat equiva,lei 
of the work given off ; it follows, therefore, that 


^"2 ”«/i AAXjx AAL2 — ALzf 


or, if we consider the relation pi AAfiUi —ri, 

{G+Gi)[q2+A^) ^Gi[qi Axivi AA{vi-v)-\+G{qAAh). (4 

This is the first fundamental equation to which the propos 
problem leads; the subsequent investigation will now be di vid 
into two parts, the first of which includes a utilization of the pr 
ceding formula, and the second of which continues the investiga,ti< 
of the G i f f a r d injector. 

First Part. Suppose the Jet, flowing through the orifi 
Fq (Fig. 13) into the open air, is caught by a measuring tank 
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tion by new water so that, during the whole occurrence, it may be 
at the height h above the axis of the pipe K, and so tliat the flow 
of water into the casing D and the flow toward the mixing i)ipe 
may likewise take place under constant pressure. 

Now let the jet, discharging horizontally through the orifice Fq, 
be caught by a second pipe H (Fig. 13), and be guided by it to a 
second cylinder B where the transferred fluid mass must make 
place for itself by pushing back a piston and overcoming a constant 
back pressure fz- 

As an introduction to the general investigation let us assume 
that the cylinder B and the receiving tube TI are removed, and 
that the water-jet flows directly into the open air with a velocity 
u’o and a temperature tz. 

Before the opening of the two cocks a and h the heat contents 
of the wet steam in cylinder A were GAqx d-xipi), and Gq was the 
heat content of the cold water in vessel C; hence there follows, for 
the combined heat contents J i of both spaces. 


J i—Gi{qi+Xip\) AGq (40) 

If the cocks are now opened and to simplify matters the weights 
Gi and G referred to the second, then in this time there will dis- 
charge through the orifice Fq the quantity of water ((7] +G) kg. 
[lb.], and since the temperature of the mixture is t-z and its velocity 
Wo, the heat contents /2 of the whole mass will be 

Jz = {G+G\){q2+A-,^, (41) 


where represents the kinetic energy of the unit of weight of 

liquid measured in units of heat. 

The heat contents J i, at the beginning, are by no means iden- 
tical with the value Jz&t the end of the procedure, for during its 
occurrence the whole mass has taken up and given off work. 

In cylinder A the piston is moved, with constant pressure pi, 


142 


TECHNICAL THERMODYNAMICS. 


§ 20. CALORIMETRIC INVESTIGATION OF THE Q I F - 
F A R D STEAM JET PUMP (INJECTOR). 

Let Fig. 13 schematically represent an apparatus from whose 
mode of action the occurrences in the G i f f a r d injector may 
he derived.’- 

A represents a cylinder which contains a piston andO’i kg. [lb.] 
of steam and water of pressure pi and corresponding temperature 
; the steam quality there is Xi. 



The cylinder is provided with a conical discharge pipe, whose 
discharge orifice lies in the interior of the casing D, which is pro- 
vided with a large pipe K that discharges at Fo into the open air. 

Casing D is connected by a vertical pipe with an open vessel C 
which is under atmospheric pressure p and contains cold water of 
the temperature t. Let us at -first suppose that both spaces A 
and C are shut off by the cocks a and 6. If both cocks are now 
opened steam will flow through the nozzle F, but will immediately 
be condensed by the cold water coming from the vessel C. The 
jet passing through the outer orifice Fq accordingly consists of a 
mixture of cold water with the condensed steam. 

The pressure pi in cyhnder A can be kept at a constant height 
during the outflow by supposing the piston in the cylinder to be 
pushed forward with the constant pressure pj. Let us moreover 
suppose that the level in vessel C is always kept in the same posi- 

' A first investigation of the problem treated in the text was given by me 
in Zivilingenieur, Vol. VI, 1860, p. 315. 
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This formula differs from that which was found for the surface 
condenser, equation (33a), p. 137, only in this particular, that in 
the denominator of the right member t 2 appears in place of 

As regards the comparison of this formula with the customary 
Watt formula, we may say that the remarks made on p. 137 
apply here also. 

Example. In a steam engine let the terminal pressure of the expan- 
sion be Pi = 0.6 atmosphere and the steam quality be Xi^O.SO. Let the 
pressure in the condenser be 0.1 of an atmosphere, and the temperature of 
the jet water be ^ = 15° [50°]. Here we have = 10333 [2110.31] and 
7 ;.. =0.1 Poj and hence the term Aa (po— Pa)? in the denominator of equation 
(30), becomes equal to 0.026, so that, using Table 11 of the Appendix, we 
get 

Equation (39a) gives for average conditions 

I-'-. 

while, according to Watt’s formula, we have 18.97 if we substitute, in 
equation (39a), the value 040 [1152] in place of 600 [1080]. 

Into jet condensers there enters a large volume of air which 
is absorbed by the jet water, is carried along with it, and is mostly 
given off in the condenser, where a higher temperature and a far 
lower pressure prevails than outside; but the preceding theory of 
the condenser is not touched thereby or, to speak more accurattdy, 
only to a very subordinate degree. 

In order to take account of this fact, it is only necessary to give 
more generous dimensions to the air and hot-water pump B (Fig. 
12). Ordinarily it is estimated that the volume of the air, whi(;li 
is simultaneously withdrawn with the water from the condenser, 
by the pump amounts to 11/14 of the volume Ga of the jet water. 
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of the quantities of work received, expresscMl in units of heat, and 
therefore amount to 

j^ALi +AL.-ALn. 

If we here use the preceding equations (H4 toCRK), wi; get 
for the fundamental equation of the jet eondenser, 

G ^<? i - <72 +X|(jrn +dp2Wi) 

6'i q2-q-Aa{po~V-i) ’ 


from which the jet water G can be calculat(‘d. For the purpose of 
transforming this equation for practical use, i.e., for obtaining a 

simple approximate formula, the vei’y small term Ao(ji(i p-A in 

the denominator can be neglected; inon^ov(-“r we can take /r 1 
and therefore assume dry steam in tlu? steam eylimler and also 
one atmosphere for the terminal pressure of expan.sion; 
if, besides, the condenser pressun; is — atnursplaire, we must 
assume 

=100.50, 496.30. = 4.02 

[gi =180.90, /»! = 893.34, ^p.ui =7.236], 



{0 1080-02-32) 1112 -<2l 

L(?i“ h-t “ is-rj- 
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■water in cylinder A are determined by Gi(qi +Xipi), the heat of the 
mass in the condenser by 02 (^ 2 +^ 2 p 2 ), and the heat in the jet 
water in the vessel D is determined by Gq. Accordingly the total 
heat contents Ji, in the three spaces mentioned, are 


J^i—Gi(qi Axipi) -hG 2 (q 2 Axop 2 ) -hGq. • • ■ (34) 

Now let the three cocks be opened, let the piston move forward 
n the steam cylinder and push the mixture of Gi kg. [lb.] of steam 
and liquid into the condenser, overcoming, in so doing, the con- 
stant pressure p 2 - The jet water G passes under atmospheric 
pressure po from the vessel D through the spray into the condenser, 
and finally the piston of the air and hot-water pump B receives 
and sucks in, under the pressure p 2 , not only the jet water G but 
also the weight Gi of steam and liquid in the fo m of water. 

At the end of the occurrence the whole mass is united in the 
condenser and in the pump cylinder, and at this moment the total 
heat contents in the two spaces combined are 

J'^2 ~G2(q2~l'X2P2) A (Gi -I-G)q2 (35) 

The term which represents the heat contents of the mass in the 
condenser must have the same value at the end as in the beginning, 
because we assume the engine to be running normally. 

Moreover the mass in the steam cylinder has taken up the 
work L\ and the jet water in the vessel D has absorbed the work 
L 2 , and these quantities of work, exp essed in heat, amount to 


ALi = AG I {xiUiAa)p2, (36) 

AL2=AGapo (37) 

Finally there nas been given off in the pump cylinder a 
work L3 which, measured in units of heat, amounts to 

ALz= A{0 AGi)ap2- ...... (38) 


E'vidently the heat contents J2, at the end, are equal to the 
heat contents Ji at the beginning, increased by the algebrmc sum 
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Now it is this heat quantity which must be taken up by the 
(‘I Idling \\ ator. Let the weight of water which, during this process, 
cntiT.s- till* {)i{>e ct (Fig. 11) with the temperature t and is discharged 

thnnigh the {)ipe h with temperature i' be designated by Q, then 
we ahii liave 

Q = G{q'-q) (32) 

i(v equating this with the preceding formula we find 


G _ qi—q2+Xi(pi+Ap2Ui) 

atn! in tlii.s equation there is now contained the principal result 
fi»r l•tlIl(il•^,sc‘r.s, for it is determined by the weight G of the cooling 
water whieli is necessary to condense the mixture Gi of steam and 
liquid. 

In praetiei* for the sake of safety, the values of the right mem- 
ber Ilf th.H t'quation are so chosen that the mass of cooling water 
a beeitrneH gr{*ater than is strictly necessary; therefore the quality 
ji at the eiKi of expansion in the steam cylinder is assumed Xi =1, 
and the terminal pressure pi of expansion is also taken larger than 
i.i en.'Jtotiiury in condensing engines. 

If we ,*i,'*Miune this pressure as pi=l atmosphere, then we must 
^nlb^ltilute in equation (33) gi =100.50 [180.9] pi = 496.30 [893.34]; 
let ling the jiroKsure in the condenser be p2=0.1 atmosphere, we get 
1,02 [7.236]. If, in addition, we substitute at low tem- 
peratures f hf» t emperatures themselves in place of the heats of the 
liquid, we get for practical purposes the sufficiently accurate formula 


G 600-12 

Gi~' t'-t'- • 

[-(? 1112-fel 

Ur t'-i J* 


(33a) 


Tliis formula has the same structure and equal simplicity with 
the ohi \V a t t ’ s formula, which is still to be found in all the 
technical rtmmials, but is falsely based from the thermodynamic 
{win I of view. W a 1 1 ’ s formula contained, in place of the 
miineriail value* 600 [1080], the total heat of the steam correspond- 
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At the end of the operation, we have for the heat contents J 2 
of the whole mass in condenser and pump 

J2=(?2(32+X2/02) +<?i52> (2^) 

for in the latter there is now the weight (?i in the form of water, 
possessing the condenser temperature t 2 , while in the condenser the 
condition at the end must be the same as at the beginning, for this 
development is intended to apply to the normal running condition 
of the engine. 

During the transfer the whole mass has received heat 
from the steam cylinder in the form of work, for the steam piston 
has swept through the volume Oi(xiUi+(t) under the constant 
pressure p 2 - If Li is the corresponding work, then, in so doing, 
the heat 

ALi=AGi(xiUi+a)p2 (29) 

is generated, and absorbed by the whole mass. 

Simultaneously the pump piston has swept through the space 
(ri<7 under the constant pressure p 2 . If L 2 designates the corre- 
sponding work, then in so doing the heat quantity 

AL2 = AGip2a (30) 

has disappeared, i.e., has been transformed into work. 

Finally the heat quantity Q has been withdrawn from the whole 
mass during the assumed process by the cooling water, and hence 
there obtains the fundamental equation 

+ALi-AL2-Q=^J2, 

for we must get the heat contents at the end when we add to the 
heat contents at the beginning the absorbed heat quantities and 
subtract the rejected heat quantities. From the preceding equa- 
tion there is found 

Q — J 1 — J ‘2 AALi — AZ/ 2 , 

and, if we here utilize equations (27) to (30), we get 

Q=Gi[qi-q2+Xi(pi +Ap2Ui)] 


(31) 
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§ 18. THEORY OF SURFACE CONDENSERS. 

Let A (Fig. 11 ) represent the cylinder of a steam engine; let, 
the piston K be at the end; and let the cylinder be filled with Gi 
kg. [lb.] of steam of pressure pi and of 
quality xi. 

Let C represent the surface con- 
denser, a space enclosing a series of 
vertical tubes, through which the steam 
coming from the cylinders flows down- 
ward. 

The tubes are surrounded by cold 
water which enters at a and flows away 
through the pipe b. 

When the steam passes through the 
tubes condensation takes place; the 
water collects in the lower part of the 
condenser and is removed by the pump 
B, the air and hot-water pump. 

Let us first suppose the steam cyl- 
inder space to be shut off from the condenser space by the cock 
c, and, likewise, that the cock d cuts off communication between 
the condenser and the pump B, whose piston is in the lowest 
position. 

Suppose (?2 kg. [lb.] of steam and water to be in the condenser; 
let the steam quality be X2 and the pressure be p2. Here we first 
determine the heat contents of the mass contained in condenser 
and steam cylinder, 

Ji = Gi(qi+Xipi)+G2{q2+3:2p2) (27) 

Suppose both cocks c and d to be opened and that in consequence 
there is a mixture of these naasses in the -condenser; because of 
the simultaneous cooling of the cooling water, the pressure in the 
two spaces settles down to the value p2, the steam piston K going 
forward and pushing the whole steam mass into the condenser, 
where the weight Gi, in the form of water, is drawn out by the 
pump B. 



134 


TECHNICAL THERMODYNAMICS. 


while here also is found 


{Qi+G2)xu=GiXiUi+G2X2,U2 (26) 


If, therefore, the state of steam before the mixture is known 
in each space (Fig. 10, p. 129) and the pressure p, after the mix- 
ture, is given, then the steam quality x, after the mixture, is 
calculated from equation (26) and the heat quantity Q from equa- 
tion (25). 

If we assume, in particular, that after the mixture the pressure 
in the whole space is p=P 2 , i-e., is equal to the initial pressure in 
one of the spaces, then the two preceding equations give, after 
substituting u=U 2 , 3 = 52 , md p=p 2 , 


G1X1U1+G2X2U2 
iGi+G2)U2 ’ 


(26a) 


and after some easily made reductions we get from equation (25) 


(25a) 

It follows from this formula that we might have supplied Q, 
the heat at constant volume, before the mixture, to the space 
Vij or, if Q is negative, it might have been withdrawn till the 
pressure in Vi became identical with the pressure prevailing in 
space 72 and not till t'hen effect the mixture. 

Example. Let one space 7, (Fig. 10) contain kg. pb.] of dry 
saturated steam of the pressure 1.5 atmospheres, and let the other space 
contain 0^=2^ Gi kg. pb.] of steam and water of the steam quality rCg^O.Ol, 
and having a pressure of 0.1 atmosphere. After mixing at constant volume, 
suppose the pressure p=p 2 == 0.1 atmosphere. If we utilize the correspond- 
ing values of Table 11 of the Appendix, we get first, from equation (26a), 

(c =0.0126, 

and then, from equation (25a), 

-511.45 [-920,61 

Accordingly heat must be withdrawn. The example corresponds to 
conditions which may arise in condensing engines. 
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volume of the dry saturated steam after the mixture, then the 
relation 

{Gi-\-G‘2)v=OiVi-\-G2V2 ( 21 ) 


holds, and furthermore, according to equation (20), 


((xiVi-]rG2V2)p = GiVi'Pi-{-G2V2'P2 ( 22 ) 

Dividing both equations by Gi and eliminating from both the 
ratio G 2 -Gi, there is found 

{a+'p)v=C, (23) 

where the two constants a and C are determined from 


‘P1V1-P 2V2 

V2-Vt 


and 


^ V1V2(P1-P2) . 

V 2 -V 1 ’ 


. . (24) 


equation (23) is nothing but the equation of the limit curve of 
steam according to Pambour (see p. 113), which in fact 
reproduces the course of this curve with sufficient accuracy in 
approximate calculations when the pressures pi and p 2 do not lie 
too far apart. Had we used equation (23) as a basis we should 
have been able to derive equation (20) directly for dry saturated 
vapors of water. 

In the problem of mixing wet vapors at constant total volume, 
treated here, it is assumed that heat has neither been supplied nor 
withdrawn during the mixing. 

In order to extend the problem, however, let us suppose the heat 
quantity Q to be supplied from the outside during the mixing, 
then, according to the designations introduced on p. 130, the heat 
content J after the mixture is given by the formula 


J —J 1 +i 7 2 +Q, 


and from this is found, from given formulas, 

Q = iOi+G2){q+xp)—Gi{qi+x^pi)—G2{q2+X2P2), - (25) 
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From these two expressions can be. found the pressure p of 3 atmo.s- 
pheres belonging to the values u, q, and (>, and also the steam fjuality 2 : = 1 .012. 

The steam is accordingly slightly superheated after the mixture, but the 
values differ so little from 1 that we can assume the steam as appro.ximatoly 
dry and the pressure found is 3 atmospheres. 

" If we had found the pressure f of the steam, under the suppositions 
underlying equation (20), we should have had 

7, = (m, -h a)G, =0.1897 (?, and 7j = (ttj + a)G^ = 0.0331 G^, 

[7,= 3.0388 G, and 7^= 10.1416 GJ, 

p = 3.075 atmospheres, 

a result differing but little from the formerly found value. 

Equation (20) has often been used for determining the mixing 
pressure of dry saturated vapors, but without proof of its reliabil- 
ity; the problem is encountered when investigating more closely 
the Woolf and compound steam engines; it arises when the 
receiver-space is put into communication with one or the other of 
the steam cylinders and the consequent sudden changes of pressure 
are subjected to calculation. 

If we investigate in the manner of the preceding example the 
problem for other values of the pressures and p 2 , we always 
find that the steam quality x, after the mixture, differs but little 
from unity, so that in practical cases we may well assume that the 
steam which results from the mixture of dry saturated vapors ie 
again dry saturated, and that its pressure p may be calculated 
with sufficient accuracy according to equation (20). Pursuing the 
problem still further in the manner indicated, we are led to 
the result that equation (20) can be employed for the calculation 
of the mixing-pressure p even when the steam before mixture is 
wet, in the one space as well as in the other, provided the quan- 
tity of water mixed with the steam is not too considerable and 
that the steam pressures do not exceed the limits customary in 
steam-engine practice. 

For the mixing of dry saturated vapors the proposition given 
here may be developed into a somewhat more general form. 

If Vi is the specific volume of dry steam in space Vi (Fig. 10, 
p. 129), V 2 the specific volume in space V 2 , and finally v the specific 
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.are known, the mixing temperature t can of course only be found 
by the method of trial. If the two spaces at the beginning con- 
tain only liquid without steam, so that xi=0 and also 0:2 = 0, then 
equation (18) will give x=0 and accordingly, after combination, 
there will only be liquid on hand without steam; from equation (19) 
there follows 

Oiqi +02(72 

(?V+g2 > 

a well-known formula that has long been employed for determin- 
ing the mixing temperature of liquids, only it is customary to .sub- 
stitute, as an approximation, the temperature in place of the heat 
of the liquid. 

On the other hand, if dry saturated steam were present in both 
spaces so that Xi — 1 and 0:2 = 1 , then the two equations (18) and 
(19) would give 




q^xp = 


Gi +6^2 ^ 

Gi(qi + pi ) 'h G2(q2+ P2) 

Gi -f (?2 


. (19a) 


If, in so doing, we also presuppose that saturated vapors behave 
like gases, then the pressure p after the mixture will be found 
from the equation (Vol. I, p. 176, equation (20a)) 


ViPi'i-V2P2 

F1+F2 • 


( 20 ) 


Example. In space 7, there are kg. [lb.] of dry saturated steam 
of 10 atmospheres pressure, while in space 7^ there are Oj **0.3836 Gi leg. 
[lb.] of dry steam of 1 atmosphere pressure. 

Utilizing the values of Table 11 of the Appendix belonging to the two 
pressures we get, from equations (18a) and (19a), 

”0.5926 
[a;w«9.492811 
{|'+a;/?«610.3l 
to 1098.558]. 
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After mixture the volume will be 

and the heat contents 

J^{0^+G2){<l+xp). 

But, according to the assumptions made, 

7 = 7 i +72 

and 

J = /i +J 2 , 


so that we get with the utihzation of equations (16) and (17) 
(Gi +G2)XU = GiXiUi +G 2 X 2 U 2 

and 

(Gi -i-G2)(q+xp) =Gi(qi +xipi) +G2(q2+X2P2), 
or 


and 


xu=- 


GiXiUi +G^2^2W2 
(?1 +(?2 


flS) 


, (ri?l +t?29'2 , GiXiPi + G2X2^ 

3+^^- Gx + G2 G: + G2 • 


(19) 


These equations can be extended to the case when more than 
two spaces are brought into communication; here u, q, and p are 
known functions of the temperature t, and therefore the tenifX'ra- 
ture, after the mixture, can be determined from these equations, 
and hence the pressure p belonging to this temperature and the 
steam quality x at the end of the mixture. Of course it is here 
assumed that x> 1 will not occur in this operation; in such a case 
the steam will be superheated at the end of the mixture and the 
occurrence will have to be judged by other formulas which will be 
^ven later. 

If the values of the right member of equations (18) and (19) 
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If only dry saturated steam is on hand at the beginning so thatxj — l, 
the preceding formula will give for x, the value 

1.0241, 

which points to the fact that dry saturated steam passes into the condition 
of superheated steam when the former expands into a vacuum ; consequently 
for this case the given formulas lose their validity. 

If, in the proposed example, the steam is just dry saturated after it has 
finished spreading in the vacuum so that a; = l, then, according to equation 
(15a), this presupposes the steam quality rCi =0.9737 at the beginning. 
In this case, according to the preceding formulas, the initial volume is. 
2^1=0.3541 [5.6723], the final volume is 2 ? = 1.6505 [26.4392], the volume in 
the initially empty space is 2 ; “-Vi =1.2964 cbm. [20.7669]. 


§ 17. MIXTURE OF WET VAPORS OF THE SAME KIND. 


Let the two spaces Ti and V 2 (Fig. 10) contain steam of the 
same kind; in space Vi let there be confined (?i kg. [lb.] of pressure 
Pi and the steam quality Xi; in space V 2 , sep- 
arated by the partition ab from the former 
space, let there be enclosed G 2 kg. [lb.] of steam 
having the pressure p 2 and the steam quality X 2 . 

Then the following relations exist: Fig, 10, 


u 

% 

ft A? 



Vi=Gi(xiUi+o) and V 2 =G 2 ix 2 'U 2 + o). 


( 16 ) 


The heat contents Ji in the first space, i.e., the excess of its 
heat over that in G kg. [lb.] of water of the temperature 0° C. 
[32° F.], amounts to 

Ji^^Giiqi+Xipi), (17) 

and the contents in the second space likewise amount to 

/2 =^2(32 +^2/52) ( 17 ®) 


If we now suppose the partition ab to be removed, a noixture 
occurs, and after equilibrium is established and heat has neither 
been supplied nor withdrawn, there will result a mean pressure p 
and a steam quality x which can be easily calculated. 
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The initial volume Vi=xiUi+<j may be assumed as known; now 
if the final volume v=xu + (Tis given by the capacity v-vi of the 
empty space in which the expansion takes place, combination with 
equation (15) will give 

p _ q\+^\P\-q 

u v — a ’ 

and in addition the corresponding terminal pressure p, and finally, 
by equation (15), the steam quality x; or, conversely, if the ter- 
minal pressure p, after the spreading and after the passage into 
the equilibrium condition, is given, there can be found the volume 
at the end v=xu+a and hence the volume of the vacuum v — vi} 

Example. Suppose a unit of weight of wet steam to expand 
adiabatically from five atmospheres into a vacuum and finally, after 
equalization of pressure, to take a pressure of one atmosphere. 

Here, according to Table 11 of the Appendix, 

g. =153.741, ft =454.994, /> =496.300, and g =100.500 
[g, =276.734, /).=818.989, =893.340, and g = 180.90], 

and hence, according to equation (15), 

a: =0.1073 +0.9168 (15a) 

and because M= 1.6495 [26.4232] the volume at the end becomes 

v^-xu+a =0.1780+1.5123 x, 

[v =2.8512 +24.2248 X,], 

while the initial volume amounts to 

ft =x,Mi +a =0.0010 +0.3626 x, 

[ft =0.01602 + 5.7951 X.]; 

therefore the capacity of the initially empty space is 

V -ft =0.1770 + 1.1497 X. 

[v -ft =2.8352 + 18.4297 x,]. 


' Compare with the author’s article "Beitrage zurTheorie der Dftmpfe” in 
Poggendorff’s Annalen, 1860. ^ 
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The last equations correspond to the occurrence wliich is 
ordinarily designated in the older technical papers as ^^spontaneous 
evaporation there, however, they found a theoretical expl'Uin- 
tion which the thermodynamics of the present day does not r(*jj;nrd 
as correct and which does not at all correspond to the piT.ccMlinK 
formulas. 

Example. Suppose a unit of weight of water to bo unchu* a pn^ssun^ 
■of 10 atmospheres, and to have a temperature ^,=IS(.).31° C. [3r)f)..5(r' K.J, 
which corresponds to the steam pressure of 10 atmo.spheres (Table; 1 1 of the 
Appendix); now let the external pressure be suddenly brought t<) <)iio atriH>s-- 
phere and suppose it to be maintained constant during the <;hang(; of ntnft^ 
(evaporation) then following. Here we have //, ^182.719 cal. P2(S,S{)4 B.t.ii.] 
and g' = 100.500 cal. [180.9 B.t.u.], corro.sponding to the pre.ssuiT of one 
atmosphere, and -f d 7/ 'u' =536.50 [9()0.7], and hence we find tlic Bteain 

■quality from equation (lie) to be 

a;"=a.l717, 

and the external work, according to equation (13c), 

/y-292r)mkg. 

[h'=9GOa ft-lb.]. 

The volume Vj— < 7=0.0010 [0-01502] increases to v— 2;V-+<7»d2832 cbm. 
[4.537 cu. ft.]. 

This case occurs when a steam boiler explodes uuder the pr<;H.sur(; of 1 0 
atmospheres without supposing any work to be expended in destroying the 
boiler. Disregarding the steam prescnit in the boiler, for here the* (‘xtcrnal 
atmospheric pressure is overcome, there will remain behind the quantity of 
water 

{l-xOG^O,S2S3a, 

provided G kg. [lb.] of water were originally present. 

lu conclusion we will p)oint out that equations (13) and (14), 
given above, also include the case of expansion of wet steam i n t o 
a vacuum; here p' = 0, consequently L' =« 0 and so, according 
to equation (14), 

,.2i±£!£LZ? (,5, 

p 

from ’Which the steam quality x is determined when the presaurc p, 
at the end of the spreading of the steam in the vacuum, is known. 
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determine from equation (14a) the steam quality at the end, by the 
formula 

a;' -0.8645 +0.0992, 

and the external work L', according to equation (13a), by 

L' -10988.1 x, +1690.5 mkg. 

[U -36051 rci +5546.3 ft-lb.]. 

If the steam is dry saturated at the beginning, we get, from the preceding 
formulas, 

x'- 0.9637 and L'- 12678.5 
[x'- 0.9637 and L' =41597], 

consequently there will again be condensation ; hence the steam must have 
been superheated at the beginning if it is just dry saturated at the end, in 
other words, if we are to have x' =1 at the end; for in this case the preceding 
formula gives for x' = l the result —1.042, therefore Xi>l, which impos- 
sible condition simply indicates superheating. 

Equations (13) and (14) given above are also naturally valid 
under the assumption that no steam is present at the beginning, 
but only liquid, provided the latter is under a pressure tliat is 
equal to the steam pressure corresponding to its temperature; m 
this case xi=0 and therefore, according to equation (1-3), the 
external work is 

L'=fxu, ........ ( 136 ) 


where x is determined according to equation (14), from the relation 


x{p-¥A'p'u)^qi-q (146) 


If expansion here continues till the equilibrium-pressure at tlie 
end becomes identical with the constant external pressure, then 
the steam quality xf at the end can be computed according to 
equation (14a): 


a/- 




(m 


and the external work from equation (13a): 


L' = (qi 




(13c) 
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and then the corresponding value + a and the correspond- 

ing external work 

Jjf = p' - -yi ) = p' {x'u' —Xiu^) (13a) 

Example 1. Suppose a unit of weight of wet steam to expand 
adiabatically from the initial pressure of five atmospheres, overcoming, in so 
doing, a constant external pressure of one atmosphere and to continue 
this till the equilibrium-pressure at the end is equal to two atmospheres; 
then, according to Table 11 of the Appendix, 

for Pi =5 X 10333, = 153.741, a =454.994, Ui =0.3626 

[for Pi =5X2116.31, ^?i=276,734, Pi =818.989, =5.7951], 

for p =2X10333, ^ = 121.417, p=480.005, 'w=0.8589 

[for p =2X2116.31, <?=218.551, p=864.009, 16 = 13.7586], 

and equation (14) gives, because p' = 1X10333 [1X2116.31], 

. x =0.0645 +0.9259 Xi. 

The inital volume is 


+ cr =*0.3626 Xi +0.0010 
’[t?i =5.7951x1 +0.016]. 

The final volume is 

V =xi6 + a =0.7953 Xi +0.0564 
[i; = 12.7391 Xi +0.9034], 

and the external work performed, according to equation (13), is 

L' =4471.1x1+572.4 mkg. 

\L' = 14696 Xi + 1878.1 ft-lb.] 

If the steam is dry saturated at the beginning so that Xj = 1, there follows, 
from the preceding formulas, 

X =0.9904, Vi =0.3636, =0.8517, L' =5043.5 

[x =0.9904, Vi =5.8245, x = 13.6433, £,' = 16547]. 

As x<Xi here, the assumed change of state involves condensation; on 
the other hand evaporation would have taken place if x>Xi had obtained 
or Xi <0.870 had been assumed. 

Example 2. Suppose a unit of weight of wet steam to expand 
adiabatically from an initial preasure of five atmospheres, overcoming, in so 
doing, a constant external pressure of o n e atmosphere, and let this con- 
tinue until the equilibrium-pressure at the end has become equal to the 
external pressure, then, with the help of the tables of the Appendix, we 
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which equation as well as equation (10) remains valid only so long 
as x^l, or so long as 

V — Vi<U — XiUi 


obtains. 


Third Special Case. Non-reversible 
Adiabatic Expansion. 

In the present case, because heat must be neither supplied nor 
withdrawn, we have Q' =0; and therefore, according to equation (4), 

V 

A fp'dv = {qi +xipi) - iq+xp) (12) 

Among the infinite number of special cases which can arise, 
according to the law of change of the external pressure p', we 
will again pick out the special one in which p' is constant. Here 
we find 

L'=p'(v-vi)=p'{xu-XiUi), .... (13) 
and hence, according to equation (12), 

q+x(p+Ap'u)=qi+(xipi+Ap'ui). . . . (14) 

When, for the initial condition, there are given pi, Xi, and also 
the constant external pressure p', we can determine, from the pre- 
ceding equation, for any assumed equilibrium-pressure p < pi, the 
corresponding steam quality x, and then, according to equations 
(1) and (2), p. 120, the volume v and the initial volume I’l, and 
from these can be laid off the adiabatic curve (equilibrium curve) 
presented here. 

As this equilibrium-pressure p constantly diminishes, while the 
external pressure p' remains constant, we have before us a cer- 
tain expansion rabo v:vi for which p=p'. 

If we regard p' as given, then for the terminal value p=p' in 
equation (14) there is also known q'=q, p' =p, u'=u; consequently 
the corresponding value x'=x is obtained from 

q'+x'r'=qi+Xi(pi+ApiUi^, .... (14a) 
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If, in a special case, p'=0, for example if wet steam expantls 
from the space of volume vi into a vacuum having the volume w—Vi, 
then we have 


L'=0 and Q' = {x-x{)pi = {v-^vx)^, 


but here, according to equation (6), the condition 


V — Vi<{l—Xi)Ui 


must be satisfied in order that no superheating whatever may 
obtain. Finally, if equilibrium-pressure pi is identical with the 
external pressure p', then the reversible cycle will be before us; 
equations (8) and (9) then give the formulas 

L' = ApiUi{x-Xi) and Q' =‘{x-Xi)rx, 

which were established above when investigating steam formation 
under constant pressure along a reversible patli. 

Second Special Case. Non-revcrsiblc 
Isodynamic Expansion. 

In the case presented, the equilibrium pressure-curve is the iso- 
dynamic curve in which XJ=Ui holds. Hence there follows, from 
the just established equations, 

qAxp=^qiAxiPi, ( 10 ) 

and, according to equation (4), 


Q'=AL'==A f p'dv. 

Vi 


Here again there exist an infinite number of special cases 
according to the variability of the external pressure p'. 

For example, if p' is constant, there follows 

Q' =AL' ’=Ap'(v-vt) ==Ap'(xu-xiUi), . . . (H) 
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The formulas given here can easily be brought into other forms 
viith the help of the relations developed before for the reversible 
operation; the general presentation in Vol. I, § 15, p. 74, sug- 
gests the necessary procedure; there was also fully discussed the 
transformation of non-reversible changes of state. We must add 
that the equations given here, of course, lose their validity when ‘ 
the steam becomes superheated during the change of state. 

First Special Case. Non-reversible Iso- 
thermal Expansion. 

At constant equilibrium-temperature i=<i, the equilibrium- 
pressure curve aiCi^i is a horizontal straight line, because the pres- 
sure p=pi becomes constant. 

From equations (1) and (2) can then be found 


v-vi = {x-xi)ui, . ( 6 ) 

and equation (4) gives 

u 

Q' = {x—Xi) Pi -k-A f p'dv (7) 

Vi 


According to the manner in which the external pressure p' 
varies with the volume v, we shall here have an infinite number of 
special cases. 

Now selecting only one case, let us assume that the exter- 
nal pressure p' is kept constant during expansion; then the work- 
ing pressure curve is the horizontal acb. 

The external work L can then be found by 

L'=Ap'iv—Vi)=Ap'Ui{z-Xi), • . • • ( 8 ) 

and the heat to be supplied from 

Q' = {x-Xi)(pi+Ap'ui) = {v-vi)(^^+Ap'y . . (9> 
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U. Non-reversible Change of State of Wet Vapors. 

§ 16 . EXPANSION OF WET VAPORS I NDER DU I FRf NT 
CIRCIM.STANCES. 

Tn § If), p. 7l,<>! Ilic first Vdliirm-, the iiun-rcvorsiMf ..ji.Ta’i' !i 
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ilia pro] losilii ills- there estahlisheti can easily i>e f ransferre i t<p she 

east* Ihti*. 

In I■■ip^ it let a unit <.f weight of wef steam lie enfin-.f in a 
cylinder by a {*ist(.n A'; let {iressure, vnlim»\ arni i- rnp. rasi;!'- 
be given hy /o. cj, mid 7’,. and 1.’ h- 
^ ^ steam iiualily. .\.,w if fhe j.r.- •.m. 

A wifhdiit against the pi-m.ii i 
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Aj e'l'iilihriufn is disturiied. and tiie pj:4i rj j- 

(i‘ Ap'-p-- ■ p X by (lie steam mass an<! jht- 

> 1 ^ foniiM Work; t)ie law to whirl) the i n - 

tern ft! presmirc is thus snlijerte.i in 
j(— — — Jp — — {letermiiii'd by tlie eurvi* orfi, tin* ivorking- 
Pio. 9. pressure curve. 

If after the expHnsion from r, fn t the 
piston fwipposed fa i»e without weight) is mnideniy hehl fast, aiei 
if // is the external pressure at the instanf. then Uie'sionnily ; on -i 
muss will gradually pa.HS inl« a slate of etjuilihriuMi, the iii- 
tenial pressure will grow from /f m the «jiiili!,rium.pr.-..-me p 
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f: the steam rpialify will «*||le it« lf u, a parliruiar value /. whi- h 
mtisfies the equation 

v»xn +ff 


Pio. 9. 


while in the initial «tate of equilihritim 


+<i 


obtained. 
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and siibstitute.it in equation (36) or (36a). If the ratio // should 
really prove to be constant, or nearly constant, for the different 
points, this would show that the here assumed course of the curve 
of expansion is the one before us. 

Emil Herrmann^ believes the present hypothesis may 
be regarded as confirmed on the basis of a closer investigation of 
the indicator diagrams of two different engines. H i r n also, 
who considered the question earlier, comes to the same conclusion. 
My own investigations, ^ on the basis of the course of an expansion 
curve found by Hallauer with a Corliss engine, do not con- 
firm this, but rather indicate that the quantity fi, occurring in the 
preceding formulas, experiences a very marked increase with 
increasing expansion. 

According to all the observations thus far presented the course 
of the expansion curve is not reproduced with sufficient accuracy 
for all cases by any one of the five hypotheses just discussed. In 
the one case one of the hypotheses, and in the other case another, 
brings about a better agreement. A perfectly clear rendering of 
the course of the curve is hardly to be expected from the analytical 
treatment; that the curve will have a different course in the case 
of a cylinder w i t h a steam jacket than in the case of one without 
a steam jacket seems at once self-evident. Moreover the follow- 
ing circumstances will be of influence: the height of the initial 
pressure, the degree of expansion, the moisture in the steam at the 
end of admission, the velocity with which the crank turns, the kind 
and mode of action of the valve gear, etc. 

For the purpose of designing new engines, Poncelet\s 
assumption will be taken as a basis for a long time to come, if for 
no other reason than that it leads to the simplest formulas for the 
work of expansion and compression; on the other hand, in puredy 
theoretical investigations, as in the subsequent ones here given, 
adiabatic changes of state will be assumed, because Thermo 
dynamics demands such changes for the perfect (Carnot) 
cycle of steam engines. 

^ Kompendium der mechanischea Wiirmetheorie. Berlin, 1879, p. 214. 

2 Zivilingenieur, Vol. XXVII, p. 405. 
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and from this, by integration, 

XT XtTi 

lie loge T + T +y = liC loge Ti + Tj • • (36) 

while the combination of equations (34) and (35) gives the trans- 
ferred heat quantity 

Q = fu:GiT,-T) (37) 

For the special assumption that the body G', which delivers 
heat, is water, the factor c will represent the variable specific heat 
of water, and equation (34) can be written in the form dQ = —G'dq. 
Equation (36), on account of the meaning given to t, takes the 
form 

(;/+l)T+^=(/£-t-l)Ti .... (36a) 

and equation (37) becomes 

Q = fiGiqi-q) (37a> 

Under the supposition that the ratio fi is given, we can com- 
pute for any pressure p the steam quality x, from equation (36) 
or (36a), and can compute from equation (37) or (37a) the heat 
quantity which thus far has been imparted to the expanding steam. 
Equation (36) or (36a) represents a whole host of expansion curves, 
of the same species, according to the value taken for (i) for ji—Qi 
the adiabatic curve appears. 

The work of expansion, measured in units of heat, is deter- 
mined by the formula 

AL=Q-G[q-q^^-xp-Xip{\, .... (38) 

where Q is to be substituted from equation (37) or (37a). 

Now in order to ascertain whether or not the here discussed 
curve of expansion is one which occurs in steam engines, we must 
measure the volume V and the pressure p for its different points 
and determine the value x from the relation 


F =G{xu-\-a), 
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expansion; we are therefore compelled to conclude that the cylin- 
der walls give off heat to the expanding steam, if we wish to hold 
fast to the assumption that the expansion curve be regarded as an 
equihbrium-pressure curve; but if we concede the possibihty that 
we have here to do with the non-reversible change of pressure, as 
was suggested in the introductory remarks to § 14, on p. 107, and 
that consequently the expansion curve is depressed at the begin- 
ning and raised toward the end, then it is by no means necessary 
to explain the occurrences solely by heat exchange between cylinder 
walls and steam. In reality both actions probably occur simul- 
taneously. 

Fifth Hypothesis. Expansion when Heat 
Supply is Proportional to Change of 

Temperature. 

If the quantity of steam and liquid confined in the cylinder is 
G kg. [lb.] the heat quantity dQ, absorbed during an infinitesimal 
change of state is, according to equation (55), p. 59, 

dQ=GTd(z+Y)- 

If we suppose this mass to be in contact with a body having 
the weight G' and whose temperature at every instant is equal to 
that of the mass of steam and whose specific heat has the constant 
value c, then we also have 

dQ=-cG'dT (34) 

After equating these two expressions and substituting, for the 
sake of simplicity, 

9L- 

Q-fl, ... 

we get 

-licdT=^Td(z+^), 
or 

log« T + z+y) =0, 


( 35 ) 
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§ 15. CONTINUATION OF THE INVESTIGATION OF 
DIFFERENT CURVES OF EXPANSION. 


Fourth Hypothesis. Adiabatic Curve. 

If we could neglect as insignificant the influence of the cylin- 
der walls on the expanding steam, then the expansion curve would 
coincide with the adiabatic line. 

We have already shown on p. 81 that for wet steam the course 
of the adiabatic curve is represented with sufficient accuracy by 
the equation 


where the exponent n is given by equation (76), p. 83, namely, by 
?i = 1.035 +0.1 Zi, 


where Xi is the initial steam quality and is confined between 0.7 
and 1. 

Therefore, under the assumptions made, the curve again appears 
as a poly tropic one, only here we have n>ni between the given 
limits of Zi, and accordingly equation (22) is written in the form 



It follows from this that with growing volume the steam quality 
diminishes and condensation therefore accompanies the ex- 
pansion, as was already pointed out above in our fuller discussion 
of the adiabatic expansion of wet vapors. 

The work of expansion of the unit of weight of wet steam should 
then be calculated by the formula 


The measurement of indicator diagrams has shown that, in 
general, the real expansion curve sinks less rapidly than the adia- 
batic curve, even when we assume much moisture at the outset of 
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hyperbola. It therefore seems proper to test this curve also in a 
thermodynamic way. 

Provided the steam is wet at the beginning, equation (30) must 
be written in the form 


p{xU'\-a)='pi{xiUi-¥a), (32) 

or, if we again neglect the value a because it is so small, we get 


pxu=^piXiUi, 


or 




Afu ^ 


(32a) 


In the case of the vapor of water the value Apu diininishes with 
the pressure, hence we have x>Xi} Poncelet’s hypothesis 
leads to the proposition that evaporation is connected with 
expansion; therefore if the steam was dry at the beginning, or 
became dry during the course of the expansion, then it would be 
superheated at the end of the expansion. 

During this kind of expansion it is evident that heat must 
be imparted to the expanding steam, i.e., heat must be 
given off to the cylinder walls. The quantity of heat Q, absorbed 
by the unit of weight of mixture, is determined by equation 

Q=q-qiAxp—Xipi+AL, (33) 

where x is determined by equation (32a) and L by equation (31). 
The utilization of these equations of course demands the knowledge 
of the steam quality Xi at the beginning of expansion, a question 
which we will discuss again when considering steam engines. 


^ Upon p. 85 there is given an expression similar to equation (32ah but the 
fraction in the right member is there inverted and, according to C h a r p e n- 
t i e r it represents the ratio of the steam qualities during adiabatic expansion. 
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Utilizing equation (28), the work of expansion, according to 
P a m b 0 u r, becomes 

L=fpdv=(a+pi)vihge . . . (29) 

Vi 

while this work is more correctly found, from a combination of 
equations (22) and (19), to be 

Engineers, very properly, no longer make any use of Pam- 
hour’s formulas. 

Third Hypothesis. Poncelet. 

P 0 n c e 1 e t assumes that the curve of expansion is an equi- 
lateral hyperbola whose asymptotes coincide with the axes of 
coordinates; he simply makes 


pv^pivi (30) 

Accordingly the curve is a poly tropic one with the exponent n=l 
The work of expansion is then found from 

L=/pdv=piVilog,-, (31) 

or from 

L=piVilog«^. (31a) 

ft- 

These are the formulas which, at the present time, are almost 
universally used in steam-engine calculations, and there is a cer- 
tain justification in so doing because, as a matter of fact, the 
expansion curve of the indicator diagram has a course which never 
deviates much to the one side or the other from the equilateral 
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By means of these formulas the propositions are extended 
vvlhch were found above for the curve of constant steam weight, 
but in so doing we must not overlook the fact that the formulas 
given here are approximate formulas which are valid 
only so long as it is permissible to neglect the specific volume a of 
the water relatively to the volume Xiu of the steam contained in 
the unit of weight. 

If w’e substitute a:i = 1 in the preceding equations we get the 
quantities mentioned for expansion according to the limit curve; 
here, for the purpose of greater accuracy, we replace Ui and u by 
Vi and V respectively; the work therefore is 

L==-^^^[piVi-pvl (206) 

and the heat to be imparted 

Q= iq+p) +(q].—pi) +AL (246) 

P a m b 0 u r, of course, could not see that the here assumed 
expansion required heat to be supplied; he calculated the work 
of the .steam by another formula. 

Thus, according to N a v i e r, the specific weight of dry 
saturated steam was formerly determined from the formula 

r = Ha+p), 

where /? and a are certain constant quantities which may be taken 
different for the cases of high pressure and low pressure. From 
the relation = l Pambour found the equation of the expan- 
sion curve (limit curve) to be 

ia+p)v = (a+pi)Vi., (28) 

and hence this curve should be an equilateral hyperbola in which 
the horizontal asymptote lies at a distance a below the axis of 
abscissas, and the vertical asymptote coincides with the axis of 
ordinates. 
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It is possible that in certain cases the investigation of other 
indicator diagrams may show polytropic expansion. 

Second Hypothesis. Pambour. 

In his formerly highly esteemed treatise on the steam engine, 
Pambour starts from the assumption that the steam in the 
cylinder of the steam engine is dry saturated, and that it also re- 
mains dry during the expansion and the pressure diminution con- 
nected therewith ; in other words, he assumes that the steam neither 
condenses nor passes over into the superheated condition. Ac- 
cording to our way of expressing the matter, Pambour 
assumed that the steam expanded according to the 
limit curve. 

From what has been said above concerning the vapor of water 
within the pressure limits occurring in practice, this limit curve is 
also a poly tropic curve, only we must assume for it n=ni = 1.0646; 
the formulas (22) to (26), developed above, therefore apply here; 
equation (22) only gives x^xi, while according to Pambour’s 
view x=Xi^l for the whole course of expansion. 

Moreover, it is evident that the substitution of n=ni in equa- 
tion (22) leads directly to the curve of constant steam 
weight, and that therefore such a curve is of the same species 
as the limit curve. 

Accordingly, for the curve of constant steam weight we have, 
because x=xi, 

PiVi^^=pv'^\ (19a) 

and according to equation (20) the work produced per unit of 
weight is 

X\ 

(20a) 

and the heat to be supplied is 
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polytropic curve, and that the exponent n is really the same for 
all parts of the curve of the indicator diagram. To test this matter 
we ascertain from the indicator diagram the volume V and the 
corresponding pressure p for a series of points. If for one of the 
intervals V and V" represent the initial and final volumes and p' 
and p" the corresponding pressures, then, according to equation 
(19) we find 


log p'— log p" 
”^logF"-logF' 


(27) 


If this quantity is found to be the same, or nearly the same, 
for all intervals, then the assumption that the curve of expansion 
is a polytropic curve is a permissible one. 

Only a few investigations in the direction indicated have been 
published. Leloutre^ holds that the assumption of a con- 
stant value n for the expansion curve is permissible, but concludes, 
from experiments, that n is different for different engines, accord- 
ing to the height of the admission pressure and the ratio of expan- 
sion. 

L ii d e r s 2 finds from indicator diagrams furnished by 
Bissinger^ that the value n is, throughout, smaller than 1, 
but diminishes greatly with the expansion (varying in the special 
case mentioned from n = 0.903 to n = 0.535); a like result is given 
by my own investigations,^ utilizing the experimental results 
found by Hallauer from a Corliss engine (here the value of n 
varied from n== 0.900 to ?^== 0.436). 

For each of the two cases of special investigation referred to, 
the expansion curve did not prove to be a polytropic curve, but 
because in all cases 7i< 1.0646 we must conclude, from equation 
(22), that evaporation of the water present took place during the 
whole course of expansion. 


* L e l o u t r e, ^‘Eecherches ex p^rimen tales (Bulletin de la 8oci6t6 indus- 
trielle du Nord de la France, 1874). 

*Luders, “Zur Theorie des Indikatordiagrammes.” Zivilingenieur, 
1881, Vol. XXVIl, p. 225. 

^Bissinger, ^^Versucbe iiber den Nutzen des Dampfmantels.'^ 
Zivilingenieur, 1874, Vol. XX, p. 339. 

* ' * Kaloiimetrische Untersuchungen/^ etc. Zivilingenieur, 1881 , Vol. XXV 
p. 405. 
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we get directly 

dQ=dq+d\x{p--^^'\, (23) 

integrating which gives 

. . (24) 

in which equation we substitute the value of x from one of equa- 
tions (22). According as Q is positive or negative, heat must be 
imparted or withdrawn. 

If we are not dealing with the unit of weight, so that G is the 
weight of the expanding mixture of steam and liquid, it is simply 
necessary to multiply the right member of equation (24) by (?; if, 
in so doing, we consider the relations 

GxiUi=^Vi and Gxu^V, .... (25) 

there follows 

. (26) 

In this formula Vi represents the cylinder volume of the steam 
at the beginning of expansion and V the cylinder volume at any 
other position of the piston, that is, includes the volume of 
the clearance space in both cases. 

In practically utilizing this equation, however, a special diffi- 
culty is encountered with respect to the determination of the 
weight G of the confined steam quantity. This weight G is not 
identical with the weight of the mixture per piston stroke supplied 
by the steam boiler, but also includes the weight of the mass that 
has remained over in the hurtful space from the preceding stroke, 
and the determination of this weight cannot be effected with cer- 
tainty at the present time, because no means have been found thus 
far for determining the quantity of water which is present with 
the steam in the hurtful space. 

Of course, the preceding equation (26) is valid only under the 
express assumption that the expansion curve can be regarded as a 
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within said practical limits, this limit curve is to be regarded 
^ polytropic curve. 

If we assume, in addition, that while the steam in the cylinder 
the steam weight present is always greater than the weight 
tfie water present so that x> 0.5, then we can neglect the minute 
Entity a in the formulas 


v = xu-\-G and s = 

■cl get in place of the two equations (19) and (21) 

p{xuY=='Pi{xiUiY and pu^^=piUi^\ . . (21a) 

If we eliminate u and Ui from the two equations and at the 
cie tinae consider equation (19), we get 



Accordingly, starting from a certain initial condition (pi, 7;i) 
i c:an compute, for any other value of p or v, the steam quality a:, 
:> vided its initial value Xi is given. 

.From the second of the preceding equations we recognize at 
30 whether evaporation or condensation accompanies the expan- 
riL taking place according to the polytropic curve contemplated, 
os, if n<ni, i.e., n<1.0646, then we get x>Xi, i.e., the steam 
Lcli ty grows, a part of the water present is evaporated; conversely 
ic lensation occurs during expansion for n>ni, 

1 1 is now easy to settle wiiether, in the proposed case, expan- 
ri involves a supply or withdrawal of heat. 
i'Vom equation (20) follows that, because z;=ot, 


AdL^- 


Adipux) 


i from the fundamental equation 


dQ=dq +d{xp) +AdL 
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far more regular course than the expansion curve of the latter; if, 
as a matter of experiment, one could in a steam engine, at the end 
of the piston stroke, again compress the steam which had just 
expanded, and force it back into the boiler along its former path 
of admission, it will hardly be maintained that compression and 
expansion curve would cover each other even when the influence of 
the walls during the forward and return stroke of the piston was 
disregarded. 

By the preceding remarks it was intended to point out in ad- 
vance the reasons explaining the fact that the different hypotheses 
hitherto set up for the course of expansion curves all depart more 
or less from the course of really observed curves. 

First Hypothesis. Polytropic Curve.^ 

Let us suppose a unit of weight of wet steam to expand from 
the volume Vi to the volume v, the pressure changing at the same 
time from pi to p and let the equation of the expansion curve be 


pv’‘=pivi^, (19) 

then the work of expansion L, when the exponent n. is a constant, 
is found from the formula ^ 

(20) 

We have specially for the vapor of water, to which we just 
now confine our attention, the formula 

ps”'=pisi"> (21) 


for the relation between the pressure p and the volume s, i.e., we 
have the equation of the upper limit curve, a relation which has 
already been given on p. 37 as an approximate formula, but one 
proved to be sufficiently exact within the pressure limits occurring 
in practice; here we must take the exponent = 1.0646. There- 


See Vol. 1, p. 151. 


^ See Vol. 1, p. 154. 
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has its greatest velocity near the middle of the stroke. During 
admission the steam acquires a stormy motion which is not quieted 
till towards the end of the piston stroke; therefore it will generally 
happen that at the end of the admission and in the first part of the 
expansion the steam will not act with the full equilibrium-pressure 
on the piston, and therefore for these positions the indicator dia- 
gram will represent the piston pressure somewhat too small, smaller 
than it would be if the piston moved slowly and uniformly forward. 
Doubtless, moreover, this stormy motion promotes this exchange 
of heat between steam and cylinder walls. If complete quiet is 
attained by the end of the piston stroke, then no loss of work is 
connected with the whole occurrence, because an increase of pres- 
sure takes place toward the end of the piston stroke. If we com- 
pare the course of the expansion curve, during slow and uniform 
piston motion, with that which obtains in crank engines, then a 
peculiar shifting of the expansion curve ought to occur which 
should be more marked, the faster the engine runs; in the first 
part the curve will be somewhat depressed, in the second part 
somewhat raised. Concerning the amount of this shifting with the 
speeed of the running of the engine, nothing certain can, to be 
sure, be said at this time. The ordinary utilization of the indicator 
diagram for the determination of the indicated work of a steam 
engine is but slightly affected by said circumstances. But the 
question is a different one if we wish to utilize the pressure data 
of the indicator diagram to work backwards and draw conclusions 
as to the instantaneous constitution of the steam in the cylinder; 
here, at any rate, the data of the diagram at the beginning 
of expansion cannot be regarded as perfectly reliable even if we 
disregard the fact that the gradual closing of the steam port at the 
end of admission exerts an influence on the magnitude and law of 
change of the steam pressure, in the cylinder. ' 

The circumstances are much more favorable for the com- 
pression curve of an indicator diagram; here, doubtless, 
there is always present an equilibrium-pressure curve, i.e., a 
reversible one; it is only necessary to compare an indicator diagram 
of a cold-vapor engine with that of a hot-vapor engine in order to 
at once recognize that the compression curve of the former has a 
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steam weight can be transformed, for here we have only to sub- 
stitute x=xi in the last formula but one. If these transforma- 
tions cut the zero curve, then, at the point of intersection, the 
element of the first curve will be vertical and will constitute one 
element in the transformation of an adiabatic curve, which latter 
transformation, according to an earlier presentation, is a vertical 
straight line. 

§ 14. INVESTIGATION OF DIFFERENT HYPOTHESES 
CONCERNING THE EXPANSION OF STEAM IN THE 
CYLINDER OF THE STEAM ENGINE. 

The course of the expansion curve in the indicator diagram of 
the steam engine has often given rise to discussion; the question 
is of great importance in judging the performance of existing 
engines and in designing new ones. The fact that no one has thus 
far succeeded in so representing, analytically, the course of the 
expansion curve that an agreement of calculations with the obser- 
vations of indicator diagrams occurs, can easily be explained. In 
the first place there is no doubt that an exchange of heat takes 
place between the expanding steam and the cylinder walls, and in 
the second place it can be regarded as certain that the expansion 
curve, strictly speaking, is n o equilibrium-pressure curve. 

As regards the exchange of heat mentioned, we will return to 
it when specially discussing the steam engine; at this place we 
will only emphasize the fact that certain observations (which will 
be discussed more fully later on), indicate that, in general, the 
walls extract heat from the steam during the first part of expan- 
sion, and impart heat to it toward the end of expansion. But 
this occmrence need constitute no hindrance to expressing the 
course of the expansion curve analytically; it is different, however, 
as regards the other influence just mentioned and to which I first 
called attention.! 

The steam piston moves (in the crank train) with variable 
velocity; at the ends of the stroke it stands still for a moment and 

^ ^'Kalorimetrische Untersuchung der Dampfmascliiiien.^’ Zivilingenieur, 
VoL XXVII, 1881, p. 395. 
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which equation can be integrated since r is known as a function of 
t ; during expansion it is necessary to withdraw heat, during com- 
pression to impart it; in the first case the steam quality dimin- 
ishes, in the other it increases. 

From the fundamental equation 

dQ=dq_+d(xp) +AdL 

there can easily be computed the work L, if we substitute dQ from 
equation (16) and x from equation (14). 

The zero curve has peculiar relations to the adiabatic and to 
the curve of constant steam weight. 

From equation (11) follows, for the adiabatic curve, if we there 
substitute dQ=0, 



The zero curve NN now divides the area within the limit curve 
DD into two parts I and II, Fig. 8, p. 102; for all points in space 
I, to the left of the zero curve, we have, for like pressure, 


x< 


c 


and at the right of it, in space II, 


for the passage through the zero curve the compared values are 
equal. 

The values (c—h), r, and c are positive; if we assume adiabatic 
expansion, and AA in Fig. 8 the adiabatic considered, then dt is 
negative and, according to the preceding equation' (17), the value 
of dx is positive in space I, while it is negative in space II; from 
this it follows that adiabatic expansion in space I involves evapora- 
tion, on the other hand in space II it involves condensation.. If, 
as in Fig. 8, the adiabatic A A cuts the zero curve, then da:=0 at 
the point of intersection, and therefore a change of sign takes place 
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For vapor of water in particular we get 

p=0.1 0.5 1 -2 4 8 14 atm. 

1. i=40.21° 81.71° 100.00° 120.60° 144.00° 170.81° 195.53° 

[1.] [i = 115.18 179.08 212.00 249.08 291.20 339.46 383.95] 

2. c=1.0038 1.0039 1.0130 1.0179 1.0244 1.0331 1.0420 

3. -fe=1.4942 1.2439 1.1333 1.0209 0.9063 0.7894 0.6930 

4. a:=-^=0.4018 0.4479 0.4720 0.4992 0.5306 0.5669 0.6005 

5. a; from (14) =0.3999 0.4475 0.4720 0.4996 0.5309 0.5669 0.6000 

If we lay off the temperature t as abscissa and the value x 
(according to line 4) as ordinate, then for the vapor of water, as 
Weyrauch has pointed out, the points lie in nearly a straight 
line and we can therefore substitute 

( 14 ) 

indeed, in this case of the vapor of water 

=^=0.338 +0.001.34 t [ = 0-3.38 +0.000744 (^-.32)]. (14a) 

Comparison of the values in lines 4 and 5 of the preceding tabu- 
lation shows an excellent agreement between the pressure limits 
0.5 to 14 atmospheres, limits which are rarely overstepped with 
steam. 

With the help of equation (1.3) we then get for the equation of 
the zero curve 

v — {a 

For the intersection of the zero curve with the limit curve we 
have x = l and therefore h=0, and accordingly we get at the inter- 
section from equation (14a) the temperature 494° C. [921.2° F.] in 
the case of water, provided the empirical formula used may be 
regarded as still reliable for the far-off temperature. Differentia- 
tion of equation (14) ^ves 

dx=fidt. 

For expansion according to the zero curve we get, from equa- 
tion (11), with the help of (12a), 

dQ—rdx’=l3rdt, 


(16) 
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and the corresponding specific volume 


cu 


( 13 ) 


T 



and this is the equation sought for the 
zero curve. As the quantities c, h, and 
u are given as functions of the tempera- 
ture and hence of the pressure, we can 
compute V for every pressure and can 
therefore picture the curve. 

In Fig. 8’ let DD again represent the 
pressure curve and NN the zero curve. 

From equation (13) follows 

cu 


For the limit curve at the same pressure 


s — c=u, 

and from this, by division, 


v — a c 
s — a c—h' 

If, in Fig. 8, we lay off OOi = a, then 

Oiv c 
O^s ~c-h' 


As the expression on the right can be computed for every tem- 
perature, we can easily construct the zero curve backwards from 
the limit curve. 

From the intersection of the zero curve with the limit curve 
we have x=\\ accordingly we get from equation (12), for this 
point, /i=0. From the empirical formulas- given on p. 68, for 
the calculation of h we can, if need be, determine the corresponding 
temperature t, and hence the pressure at the point of intersection. 
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"because ^1=153.741 [276.734] and (/= 100.500 [180.9] we get, from equation 
(10), for the curve of constant steam weight Xi for the same limit pressures, 

Q - 105.288 -53.241 = 105.228 (x, -0.506). 

From this we get a positive value for Q when Xi> 0.506 and a negative value 
when Xi< 0.506. In the first case heat must be supplied, in the second 
withdrawn, in order that at the end the steam quality may be the same 
as at the beginning. For the initial steam quality x^ =0.506 we get for the 
assumed limit pressures Q=0, which is a proof that the curve of constant 
steam weight is intersected by an adiabatic curve A A (dotted in the figure) 
at the two points Xj (Fig. 7). 


(b) Zero Curve of Wet Vapor s.^ 


The quantity of heat corresponding to an infinitesimal change 
of state of a unit of weight of wet steam, according to equation 
(57), p. 60, is 

dQ = (l — x)cdt -^zhdi +rdx (11) 

Moreover, from what has been said above, we know that the 
Clausius temperature function 


=c -f 


dr 

dt 


r 

T 


(11a) 


is negative for vapors within certain limits, particularly for the 
vapor of water; it is negative in all practically occurring cases. 
Consequently we can conceive of a pressure curve in which the 
steam quality x varies in such a way that the first two terms of the 
right member of equation (11) are equal to zero, so that the relation 

(1 —x)c+xh — 0 

obtains. 

From this we derive 

c 

r, . 

c-h' 


(12a) 

( 12 ) 


^ The designation zero curve is due toJ. Weyrauch, who first called 
attention to the remarkable properties of this curve in his article '^Zur 
Theorie der Dtoapfe.” Zeitsehrift des Vereins deutscher Ingenieure, Vol. XX, 
1876, p. 193. 
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off 00i = a, then the abscissas for the same pressure, estimated, 
from Oi, bear a constant ratio to each other; from the figure we 
have simply 


0\V OiV) 
OiS OiSi 


'(8a) 


By differentiation of equation (8) and multiplying both sides 
by p we get 

pdv=xipds; 

then integration gives 

(9) 

where Li represents the work produced during expansion according, 
to the limit curve, and L is the work produced for the same pressure 
limits when the changes of state occur according to the curve of 
constant steam weight. 

The heat quantity Qi, which is to be supplied during expansion, 
according to the limit curve DD, is found from equation (43),. 
p. 55, to be 

Qi=q-qi +p-Pi +ALi; 

on the other hand, utilizing equation (9) we get for the curve EE 

Q=q-qi +xi(p-pi +ALi), 

from which follows by combination 

Q = (l-a:i) (g'-gi)+a:iQi (10) 

The heat quantity Qi, corresponding to the limit curve, may 
be found from the presentation on p. 70 from the formula 

t 

Qi=f hdt 

ti 

Example. If the initial pressure is 5 atmospheres, and if the expan* 
sion is continued till the pressure has fallen to 1 atmosphere, then from the 
last formula we get for the limit curve (see example, p. 70) 


Q»«51.987Cal. [93.5766 B.t.u.]; 
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The significance of the factor 0.405 of the formula was not recognized 
by Pairbairn; consequently when he answers a question as to the 
time of explosion of a boiler, on the basis of the numerical value 0.405, the 
result will only be valid for the boiler with which the experiments were 
conducted. The above-given formulas, however, solve the problem for 
every proposed case. 


§ 13. THE CURVE OF CONSTANT STEAM WEIGHT AND 
ZERO CURVE OF WET STEAM. 

(a) Curve of Constant Steam Weight. 

If we start from a certain initial state (pi, Vi, Xi) of the unit 
of weight of wet steam, then the question arises as to the course 
of the pressure curve EE (Fig. 7) when the change of state is of 
such a character that the steam quality Xi remains constant. Here 
the specific volume for the initial state is given by 

Vi=Xi,Ui + a, 

and under the assumption made the volume for any other pressure 
is 

v=xiu + a, 

so that this at once gives us the means of following the course of 
the curve of constant steam weight. 

For = 1 this curve passes into the 
limit curve DD; if, as before, we 
designate by s the specific volume of 
dry steam corresponding to the pres- 
sure p, we have 

S — U -ha. 

From a combination of the last two 
equations, eliminating u, we get 

v — a=xi{s—a). . . (8) 

If the limit curve DD is represented accordingly, we can 
easily get the new curve for every other value of Xi < 1. If we lay 
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According to Table 11, we have for the initial pressure of 5 atmospheres 
the values = 153.74 [276.732]; =0.3626 [5.805]; :wi = 1254.7 [140.987], 

and for the final pressure of 10 atmospheres the table gives the values 
5 = 182.72 [328.90], p:u =2293,0 [257.66], and therefore equation (5) gives 
the time 

0=41.00 minutes. 

The approximate formula (5a), when the mean c = 1.0224 is employed 
and the corresponding temperatures are introduced, gives 

0 = 1.413 =39.69 minutes, 

which is sufficiently accurate. 

For the same example equation (7) gives, for the velocity of the 
increase of pressure. 


ta =0.708 


dp 

di^ 


and we therefore get for the initial and the final pressure, respectively, 

w =0.094 for 5 [w =0.052 atm. for 1° F.], 

0.162 for 10 atmospheres [w =0.090 atm. for 1® F.], 

when we take the differential coefficients from the auxiliary table, p. 62, 
first dividing them by 10333 in order to get w in atmospheres. 

These values give for this boiler, and for the corresponding pressures, 
the increment of pressure per minute, measured in atmospheres, under the 
supposition that, from the moment mentioned, the increment of pressure 
is proportional to the time. 

The experiments of F a i r b a i r n, above mentioned, which confirm 
the correctness of the formulas given here, were made on a locomotive 
boiler and led F a i r b a i r n to the relation 


0 * 


1 

4.44 




where the temperatures are to the Fahrenheit scale. 

If we compute according to Celsius, then the time for F a i r - 
bairn's boiler is 

0=O.4O5y-<,), 

and the velocity of increase of pressure is 


ID =2.466- 


dp 


therefore the time 0 is less and the velocity w essentially greater than the 
stationary boiler assumed above, which is explicable from what has been 
said. 
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entering the boiler in a unit of time, should have small influence 
on w, that is the case, according to equation (7), when the weight 
of water and steam in the boiler is very great and the differential 

coefficient ^ is small. Accordingly it is far easier to run a large 

low-pressure boiler than a small high-pressure boiler, particularly 
when the latter, like a locomotive boiler, is provided with a large 
heating surface. 

Example. Suppose an ordinary, cylindrical, steam boiler has 
18 sq. m. [193.75 sq. ft.] heating surface and a capacity of 11 cbm. [388.5 cu. ft.] 

(the boiler corresponds to an engine of about 15 horse powers) and sup- 
pose it generates, when running normally, 25 kg. [5.12 lb.] of steam per hour 
per square meter [square foot] of heating surface at 5 atmospheres pressure, 
i.e., at a temperature = 152.22° C. [274.3° F.]; suppose, moreover, that 
0.6 of the boiler is filled with water and that the latter is fed at 15° C. [59° F.] j 

temperature ; then the quantity of steam generated per minute, when it is | 

regularly supplying steam, is I 

18X25 I 

— -7.5 kg. , 

6.533 ib,], I 

If the steam is generated under the constant pressure of 5 atmospherevS, 
from water at 0° [32°] temperature, then one kilogram [pound] demands 
the total heat =g+p+Apw=652.93 (Table 11) [1175.274]; but as 

the feed water already possesses the temperature of «o==15° [59°] we must 
subtract from A the corresponding value 15.005 [27.009]; we get 
; -^^==037.93 [1148.265], and for the heat quantity Qm, which entcirs the 
boiler per minute during the normal running of the engine, 

Oni *=7.5X637.93 —4784 cal. [18985 B.t.u.j. The volume of water in the | 

boiler amounts to 0.6X11, and the steam volume to 0.4x11 cbm. [155.4 cu. i 

ft.]; since one cubic meter of water weighs 1000 kg. and one cubic | 

meter [cubic foot] of steam of 5 atmospheres pressure (Table 11), weighs I 

2.75 kg. [0.17167 lb.], we find that the weight of water amounts to 6600 kg. 

[14550 lb.] and the steam weight to 12.1 kg. [26.68 lb.], so that the total 
weight G =6612.1 kg, [14577.2 lb.] and the steam quality is 

Now let the steam supply be interrupted, but the imparting of heat to 
the boiler go on unchanged; in what time will the pressure then grow to 10 j 

atmospheres? I 
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rise of steam pressure occurs when steam discharge is interrupted 
than in the boilers of stationary engines; for we can easily draw 
the additional conclusion from the preceding formulas that the 
time needed for a particular rise of temperature is nearly directly 
proportional to the volume of the steam boiler and inversely pro- 
portional to the size of its heating surface; moreover, for a par- 
ticular boiler, the values of p in Col. 3, Table la, give approximately 
the law according to which the steam pressure increases in equal 
intervals of time. 

The temperature increment dt demands, according to equation 
(5a), the time 

Gc 

dd^y:r-dt ( 6 ) 


dv 

We can call the value ^ the velocity with which the 

steam pressure grows in a shut-off steam boiler subjected to con- 
tinued heating; if we designate the velocity by w we get for it 


Gcdt’ 


( 7 ) 


it is therefore proportional to the differential coefficient of the 
pressure p with respect to the temperature. 

The values in Col. 4 of Table la, and also those in Col. 3 of the 
auxiliary table on p. 62, accordingly furnish a measure for this 
velocity, and it is evident that it grows rapidly with the pressure. 

If, in calculating the velocity w, we employ the more exact 
formula, we find 



The expression in the brackets differs so little from unity that 
we may, without hesitation, employ the simpler equation (7) when 
calculating the velocity of pressure increase in steam boilers. 

During the normal running of a steam boiler plant the velocity 
w of the pressure change should be small, and the irregularities in 
the stoking, i.e., variations in the value of the heat quantity Qm, 
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Let US in addition designate the heat quantity entering the 
boiler every minute by Qm, then the time (in minutes) during 
which the boiler pressure rises from pi to p is found from 



and this answers the question proposed; but the preceding equa- 
tion can be brought into simpler and sufficiently exact form for 
practical cases. In ordinary steam boilers the weight of the con- 
fined steam is so small, relatively to the water present, that the 
term affected by Xi, in equation (5), can be omitted; moreover for 
the pressure limits occurring in steam boilers the heat q of the 
liquid can be calculated by the formula q=ct, and in so doing 
we can substitute for the specific heat c of water the mean value c = 
1.0224; under these assumptions we get, with sufficient accuracy. 


Gc{t — ti) 
Qn. ’ 


(5n) 


and from this we see that the time 0 within which the boiler pres- 
sure increases from pi to p, after the steam discharge is inter- 
rupted, is, 1. proportional to the rise of temperature (I - h ) ; 2. pro- 
portional to the total weight G of steam and water, or, because the 
steam weight can be neglected, proportional to the weight of 
water present; finally, 3. this time is inversely proportional to the 
heat quantity which enters the boiler in a unit of time. In a 
series of special investigations Pairbairn (1853) ^ was the 
first to show that equal periods of pressure rise corresponded to 
nearly equal intervals of temperature, with one and the same 
boiler containing the same amount on each occasion; but now my 
formulas explain the procedure completely and point out the 
great influence possessed by the weight of water present and by 
the size of the heating surface (as shown by the value Qm). Thus 
it is easily explained that in locomotive boilers which have a great 
heating surface and a small cubic capacity a much more rapid 

‘Compare V. Burg, “Uber die Wirksamkeit der Sicherkeitsventile.” 
Sitzungsberichte der k. k. Akademie der Wissensckaften zu Wien, Vol. XLV, 
p. 312. 
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the specific volume s of dry steam. For calculating the specific 
heat of steam TOth the help of the auxiliary table, p. 63, Col. 11, 
it is most convenient to use equation (4a) or (4d). 

We thus obtain for dry saturated steam of: 

p=0.5 1 5 10 14 atmospheres 

c„ = 19.583 16.957 11.603 9.638 8.732 

The values decrease with growing pressure, i.e., with in- 
creasing temperature, and approach, as equation Ad shows, the 
value c and a limit value which probably lies in the neighborhood 
of 400° C. [752° F.], as J. J. M ii 1 1 e r has already observed. 

With the help of equation (45) there could be computed for 
different pressures the steam quality x, or from equation (4a) 
there could be calculated the specific volume v of wet steam under 
the hypothesis that c® is constant for all points of the contem- 
plated curve. 

The formulas to which the proposed problem has led furnish 
the means of discussing a question that is of technical importance 
in running steam boilers.^ 

In this connection let us investigate the law accord- 
ing (o which the steam pressure in a boiler 
increases with the time, when the heating 
is continued beyond the instant at which 
the valve in the steam supply pipe is closed. 

At the moment of shutting off the steam let G be the weight of 
steam and water in the boiler, Gxi the weight of the steam 
present, and let the temperature be h and the pressure jpi ; then 
with continued heating ot the boiler during the time ’6 the steam 
quantity has risen to Gx, the temperature to t, and the pressure to 
p; the heat quantity q, introduced into the boiler at this time, is, 
according to equation (2), 

because here we have a case of heat imparted rmder constant 
volume. 

‘ Compare the author's article “Neue Tabelle fiir gesS-ttigte Wasserdtopfe/' 
Schweizerische polytechnische Zeitschrift. Jahrg, 1863, VoL Vlll. 
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hence c„ here appears as a function of the pressure and of the 
volume. If we substitute v=xu+(t, and consider the relation 
(50), p. 57, there will also follow 




(46) 


where c is the specific heat of water. According to equation (36), 
p. 39, we can also write 


Cy = c-^AxuT- 


& 

dP’ 


or, utihzing Clapeyron’s equation (22), p. 29, after a few 
easily followed transformations, 




=c+x 


Idt 


^ r dw"! 
T udt \ 


(4c) 


For dry saturated steam we make x = 1 ; but in so 
doing we must only consider withdrawal of heat at 
constant volume, for with heat supply the steam would pass into 
the superheated condition and, in this case, the equations would 
lose their validity. Equations (46) and (4c) .give for dry steam 

c„=c+«^(^), {Ad) 

or 

dr r r du 


and if, with the last equation, we utilize the Clausius tem- 
perature function h, as per equation (56), we get 


r du 
u dt ’ 


(4e) 


an equation which was also found in another way by J. J. 
Muller,! only he substituted, approximately, the quantity u for 

* J. J. Muller, “Uber die spezifische Warme der gesattigten Dampfe,” 
Poggendorfi’s Annalen, Jubelband, 1874, p. 227. 
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ment of water has been converted into steam and the corresponding pressure 
P 2 j to be determined, has been obtained. 

Here we have, according to equation (la), 

W2 =0.8589 [13.759], 

and to this value there corresponds, according to Table 1 1 of the Appendix, 
a pressure P 2=2 atmospheres and a temperature ^2 = 120.60° C. [249.08° F.]. 
Furthermore the table gives 

hence, according to equation (2a), the necessary heat quantity for G kg. [lb.] 
of the mixture is 

Q3-117.53Gcal. 

[Q 2 =211.554 GB.t.u.]. 

In order to investigate the change of state of wet steam at 
constant volume we might also have used general equation (51a), 
p. 58, i.e., 

dQ=^wdt+ATd(v^^. 


= 121.417, -=558.86 

U2 


=218.551, — =62 


.798]; 


If we indicate the heating under constant volume by providing 
dQ with the subscript v, then, because v=vi is a constant, we also 
have, according to the preceding formula, 


dQv_ , . 
dt 


(4) 


or, with the help of equation (36), p. 39, 


dQi) d 

dt ^ ^dt 



This quantity represents nothing but the specific heat 
of wet steam at constant volume, and if we desig- 
nate it by Cv, which value is a constant with gases, we will get 


Cp 


= co-\‘V- 


d/p 


dt\u. 


(4a) 
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Here, aecording to Table 11 of the Appendix, we find for the pressure of 
1.5 atmospheres 

161 = 1.1259, ?! = 112.408, -=432.56 
rui= 18.036, 91=202.334, '^=48.6061, 

L J 

and corresponding to the pressure of 0.1 atmosphere 


M = 14..552, q =46.282, — = 37.029 

u 

[u =233.10, 9=83.307, -^=4.161]. 

For an initial steam quality Xi =0.703 we get; according to equation (1), for 
the fraction of steam present at the end, 

a: = 0.0590, • 

so that finally the total steam on hand is 0.059 G and the quantity of 
water present is Oil —a;) =0.941 G. The quantity of heat which must here 
be withdrawn per unit of weight is found from equation (2), and the fore- 
going numerical results are found to be 405.<S6 cal. [730.548 B.t.u.], and 
therefore for G\g. [lb.] of the mixture 

Q =405.86 G [Q =730.548 G]. 


If the cooling had been effected by allowing cold water to stream past the 
outer walls of the vessel, so that it was thereby heated from to t^, and if 
Gq kg. [lb.] of cooling water had thus been employed, then this water would 
have absorbed the heat quantity 


let us assume that in so doing the cooling water is warmed from ^0 = 15® C. 
[59® F.] to tf' 0. [95® F.], then Table lb of the Appendix will give for 
the assumed temperature 15.005 [27.009] and =35.037 [03.0666], and 
we then get 

Q «20.03 [Q -36.054 G^]; 


hence there follows, by equating the two determined values of Q for the 
quantity of cooling water, 




With the same initial wet steam of atmospheres pressure and steam 
quality Xj.* 0.763 kg. [lb.] let us now make the following experiment. ^ 
Iliet heat be imparted to this mixture at constant volume till the last ele- 
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or, with the help of equation (1), we have 

( 2 ) 

We get from equation (58), p. 61, the corresponding increase 
of entropy: 

r> n 1 / .xi" a:iri\ 

~ — Ti + J\}’ • . • . (3) 

in which formula the value x, from equation (1), may also be sub- 
stituted. If we lay off the last computed quantity as abscissa and 
the corresponding temperature T as ordinate for different values 
of p, we get the transformation of the present pressure curve. The 
pressure curve itself is here a straight line parallel to the axis of 
ordinates. 

If, in the present case, we suppose heat to be imparted, i.e., 
suppose temperature and pressure to increase, then at a certain 
instant all the liquid present will be completely evaporated so 
that x = l will obtain. If we designate the pressure for this state 
by p 2 we shall get from equation (1) 


U 2 =XiUi, . . (la) 

and the quantity of heat Q 2 , which must be supplied up to this 
point, will become 

Q 2 =g 2 - 3 i+ 2 :iai(g-g) (2a) 

A continued heat supply will still further increase the pressure 
and temperature, but the preceding formulas can no longer be 
applied to the occurrences that will now take place, because from 
here on the steam passes into the superheated condition. 

Example. Suppose a vessel contains a mixture of 0 kg. pb.] of 
water and its vapor; let 0.763 G kg. pb.] be steam and let the rest, 0.237 Q, 
be present in the liquid condition; let the pressure amount to 1.5 atmos- 
pheres and let the pressure sink to 0.1 atmosphere while heat is with- 
drawn at constant volume. 



APPLICATIONS. 


[. Reversible Changes of State of Wet Vapors. 

§ 12. HEATING OR COOLING OF WET VAPORS AT CON- 
STANT VOLUME. 

If a unit of weight of a mixture of liquid and vapor has the 
pressure pi and the steam quality xi, then its volume is given by 

Vi =XiUi +cr; 

now if, in consequence of heat being imparted or withdrawn, the 
pressure changes to the value p, and if x is the steam quality at 
the end, then, because a change of volume does not occur, we also 
have 

Vi=XU+<T. 

By equating these two equations we get, for the steam quality 
X at the end. 


and it may be calculated from the assumed terminal pressure p, 
because this also determines the value u. Since, in the present 
case, dv=Q, there follows from equation (43), p. 55, 

dQ=dq+d{xp), 
and from this the heat to be imparted is 

Q’=q~qi-^xp-XiPi, 
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present is considerable, then the pressure curve rises less rapidly 
than with vapor containing little water. We have therefore a 
mAans of inferring, from the course of the compression curve of an 
indicator diagram, something concerning the water carried by the 
steam which, confined in the steam cylinder, is compressed there 
and finally is mixed with the fresh steam Just entering. Decisive 
experiments and results of observations on this question unfor- 
tunately do not exist, but we will take it up again later. 


THE ADIABATIC CURVE OF WET VAPORS. 
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The values correspond to the pressures 

p = 2 .000 , p = 0.256 atmospheres, 

existing for complete liquefaction, and according to equation (81) we find 
respectively 

AL=S.07 AL=0.28 cal. 

[AL = 14.526 AL =0.504 B.t.u.]. 

Example 2. Let the initial pressure be 1 atmosphere or p = 10333 
kg. [2116.3 lb.]. Corresponding to this pressure we have the values 

r, =0.3136, -^=1.4383, w, =1.6494, 

J- 1 

^, = 100.50, Pi =496.30. 

r Ti= 0.3136, ^ = 1.4383, u, =26.422,1 
L ry, = 180.9, Pi =893.34. J 

Therefore during compression to the point of liquefaction we get, for the 
two cases, the following results: 

a;i=0.10 or a:i=0.01 

€ = 105.9 £ = 17.5 

T =0.4575 T= 0.3280, 

and with sufficient accuracy we have for these values the terminal pressures 
p = 5.5 or p = 1.2 atmospheres. 

The work L is found from equation (81) to be, respectively, 

^L = 7.34 to ylL =0.28 cal. 

[AL = 13.212 to =0.504 B.t.u.]. 

If for the first of the two cases, i.e., for the initial value Xi«0.10,. 
compression is carried only from 1 to 3 atmospheres, then, according to 
equation (66), the steam <|uality at the end is a; = 0.0439 and the correspond- 
ing volume v =0.0206 [0.3300], while at the initial pressure Pi^l atmos- 
phere the volume amounts to t;, =0.1659 [2.670]; if we here assume 
that the compression curve follows the law pvi^ then p « 0.527. 

The two preceding problems correspond in certain cases to 
what happens during cornpresvsion in the cylinder of a steam 
engine, according as the engine is condensing or n on- 
c o n cl e n s i n g. It has not yet been proved how much water 
is, in these eases, mixed with the steam at the beginning of com- 
pression, If we make the possible assumption that the water 
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at the beginning, or that comparatively little liquid was mixed 
with it. 

The question as to the behavior of wet steam during adia- 
batic compression, when the weight of the liquid present 
exceeds that of the vapor, is one of technical importance. In this 
case condensation of the steam is connected with compression, and 
it is of such a character that if the compression is continued long 
enough there will be only liquid present without any steam. 

Let Pi be the pressure at the beginning and Xi the steam qual- 
ity; suppose the compression of the unit of weight of mixture to 
be continued till finally only liquid is on hand, then a will be the 
final volume and Vi =XiUi will be the initial volume; the ratio 
£ of these two values may be called the compression ratio; accord- 
ingly 

(79> 

(T 

Moreover, because at the end of compression we must have 
a:=0, equation (66), p. 75, gives us 

■r=Tl+'y5^; * (80) 

from this the final temperature t and the final pressure p, at which 
the whole mass is liquefied, are determined, and then follows, from' 
equation (68), the work of compression L from the formula 

AL=qi-q+Xipi (81) 

Example 1. Let the initial pressure be 0.2 atmosphere or p* -2066.6 
kg. [433.26 lb.]; corresponding to this pressure we get the values 

T, =0.2005, -^=1.6924, it, =7.5428 [u, = 120.83], 

i I 

5 .= 60.589 and ft =527.584 
[g, =109.06 and p. =949.65]. 

Consequently we get for the two cases 

Xi=0.10 or X, =0.01, 
t =755.4 £=76.4, 

1=0.3697 1=0.2175. 
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comes wholly untenable for the case in which 2 :^= 0 . Hence, if 
use is hereafter made of the approximate formulas (74) and (77), 
it will only be within the indicated limits of the initial and final 
pressure. 

Charpentieri enunciates, to be sure without proof, the 
proposition that with dry saturated steam, i.e., for a:i = 1 we must 
determine the steam quality x at the end of the adiabatic expan- 
sion according to the formula 


Apu 

ApiUi’ 


(78) 


but the theoretically deduced formula (66), p. 75, shows that x 
must be computed from the relation 


C h a r p e nt i e r’s formula for the pressure limits assumed in 
the tabulation on p. 83 gives values for the quality x which differ 
but little from those of the table which was computed from the 
last of the preceding formulas; for the special case in which the 
steam is dry in the beginning, however, just as good an agreement 
is obtained when the steam quality at the end is determined by 
the formula 



A closer examination of this assumption and of C h a r p e n t i e r’s 
statement shows that the resulting connection between the several 
temperature functions entering into the formulas is not confirmed 
so long as we hold fast to R e g n a u 1 t’s experimental results on 
liquid and total heat. 

The preceding investigations concerning the course of the 
adiabatic curve of wet vapors bore particularly on the question of 
expansion, under the assumption that the steam was saturated 


' “Sur la detente adiabatique de la vapeut d'eau.” Comptes rendus, 1884, 
XCVIII, pp. 86-87, 426-428. 




84 


TECHNICAL THERMODYNAMICS. 


In all cases in which use is made of the approximate formula 
'pv’‘ = 'piVi‘‘ we can compute the expansion work L by formula 

V 

L= f pdv, 

til 

and with this approximate formula as a base we get, as may 
readily be seen, 



L=Miri_/?!Ly-ni 


/(-iL \v/ J 

or 


or also 

L= j^^ipivi-pv], 


formulas, which, within the designated limits, give numerical 
results which agree sufficiently well with those furnished with the 
exact equation (68), p. 76. 

The preceding equations agree with those which we found 
before (Vol. I, p. 140) for the adiabatic expansion of gases, with 
the difference that there we substituted the value /c= 1.410 for 
the exponent p. 

One might be inclined to infer from this that the preceding 
formulas and the relation (74) represent the true law of adiabatic 
change of state of wet vapors. A closer examination of the funda- 
mental equations (66) to (68), p. 75 and p. 76, easily convinces one 
that the equations just established can only be regarded as approx- 
imate formulas, and that they can only be applied for pressure 
limits which do not greatly transcend those of the two tabulations 
on p. 82 and p. 83. If the limits of the pressures are far apart, values 
are obtained for the exponent p which differ not inconsiderably 
from those of the two tabulations on p. 82 and p. 83, values 
which no longer correspond to the empirical formula (76). Still 
greater discrepancies occur if we take the steam quality xi less 
than 0.5 at the beginning, and the approximate computation be- 
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and therefore one closely agreeing with that given by G r a s h o f. 
But the results of the computation are only valid for dry saturated 
steam, therefore only true for the assumption that the steam qual- 
ity at the beginning is Xi = 1. In order to recognize the influence 
of the value Xi on the exponent n we add the following tabulation 
of the results of computations made under the assumptions that 
a:i = 0.90, 0.80, or 0.70, the table contains only the values of pt. 


Initial Pres- 

Initial Steam 

Final Pressure in Atmospheres 

sure Pi in i 
Atmospheres 

Quality Xi 

0.5 

1 

1 

2 

4 

Xi—0.90 

0.80 

0.70 

/i = l,1236 
-1.1140 
-1.1019 

1 . 1268 
1.1164 

1 . 1036 

1.1302 

1.1190 

1.1047 

2 

a;,«0.90 

0.80 

0.70 

/< = 1.1231 
= 1.1141 
= 1.1028 

1.1264 

1.1166 

1 . 1044 


1 

ooo 

OOG 

OOO 

(1 

/< = 1.1223 
= 1.1138 
= 1.1032 




This grouping shows that the exponent /i of the empirical for- 
mula (74) varies with the initial steam quality Xj, but that it is 
again nearly constant for equal values of the initial 
steam quality. If we take the mean of these values of /t 
which belong to equal values of Xi, we get, for the initial steam 
quality, 


1 

1.135 

0.90 

1.125 

0.80 

1.115 

0.70 

1.103 


and these values can readily be concentrated in the empirical 
formula 

/i = 1.035 +0.100a:., (76) 

which formula, of course, is only permissible for the present limits 
0.7 to 1 here assumed for Zi ; most of the cases occurring in engi- 
neering will be covered by this relation. 
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there Bi= 0.4484 and ?) = 1.5203, and, accordingly, the preceding 
equation gives for this one case 

/( = 1.1354. 

In like manner, for other initial and final values, we can deter- 
mine the value /i and see whether or not this value really remains 
constant. The following tabulation gives the results of such calcu- 
lations for the initial pressures of 8, 4, 2, and 1 atmospheres and 
final pressures of 4, 2, 1, and 0.5 atmospheres; throughout, the 
assumption is made that the steam is dry saturated at the begin- 
ning; there are tabulated the specific quality x at the end of the 
expansion, the expansion ratio s, i.e., the relation v.Vi, and finally 
the corresponding values of n. 


Initial Pres- 

Final Pressure p in Atmospheres. 

sure 'pi in 
Atmospheres 

0.5 

1 

2 

4 

8 

a;- 0.8541 
£=11.577 
/4= 1.1321 

0.8844 

6.236 

1.1360 

0.9182 

3.375 

1.1396 

0.9564 

1.834 

1.1431 

4 

a:= 0.8882 
£= 6.282 
/!= 1.1315 

0.9211 

3.390 

1.1354 

0.9580 

1.837 

1.1399 


2 

«= 0.9241 
£= 3.409 
/i= 1.1304 

0.9598 

1.842 

1.1344 



1 

a;= 0.9614 
£= 1.848 
/!= 1.1291 





A glance at this tabulation shows that for a given initial pres- 
sure the value fj. diminishes decidedly the smaller the final pressure 
p, and that, for a given final pressure, fi becomes greater the larger 
the initial pressure is assumed to be; nevertheless the variations 
are so insignificant that within the pressure limits assumed in the 
table, which include nearly all the cases occurring in steam engines, 
we may assume a constant mean value for p, and this value is 

1.135, 
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fore seems highly desirable to represent the equation of this curve 
in the form p=fiv) even if it is only an approximate formula. The 
first effort of this sort is due to R a n k i n e he concludes, from 
the result of numerical calculations, that the adiabatic curve of 
the V a p 0 r o f water is given by the approximate formula 

pv“=piVi'‘, (74) 


where pi is the initial pressure, Vi the initial volume of saturated 
steam, and pis a constant quantity for which R a n k i n e gives 
the value 1.111. Rankine does not say whether, in applying this 
formula, we must assume at the beginning of the expansion pure 
steam without admixture of water or not. But this question is not 
unimportant, as I will show. 

Later Grashof^ returned to this question and concluded, 
from the results of numerical calculations, that // = 1.140 should 
be used ; in these calculations, however, it was expressly assumed 
that, while the steam was saturated at the beginning of expansion, 
no water was mixed with it. On account of the importance of the 
matter, I will go into the question more fully and in the same way 
as Rankine and G r a s h o f, but will determine the value 
p of equation (74) with the help of my exact tables given here, 
once under the assumption that n o water is mixed with the 
saturated steam at the beginning, and then under the assumption 
that we are dealing with a mixture of water and vapor. 

Suppose that we have a certain initial condition (piVi) and 
that the volume v has been calculated for an assumed terminal pres- 
sure p in the manner presented on p. 76; then we could determine 
for equation (74) the exponent p according to the formula 


_logpi-l ogp 
^ logv— logj;i' 


(75) 


For instance, in the example on p. 76, dry saturated steam 
was assumed of the pressure pi ==4 atmospheres and expansion to 
the pressure of 1 atmosphere was supposed to occur; we found 


‘ II a n k i n e, Manual of Applied Mechanics.— A Manual of the Steam 
Engine, p. 385. 

^Grashof, Vorwort in “Vdlker^s Indicator.^’ Berlin, 1863. Zeit- 
echrift dee Vereins deutscher Ingenieure, VoL VIll, p. 151. 
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vapor of water, there occurs a condensation of 
steam, provided, at the start, there is, weight for weight, more 
steam than water present; on the other hand if initially the weight 
of water is in excess, then evaporation is connected with the 
expansion. 

At the first glance it would appear as if there were here a very 
simple law; but it is very easily shown that this is not the case. 
If we assume that the steam quality xj, of equation (73), is really 
a constant quantity k for any pressure limits whatsoever, we find 
that when we pass to the differential of equation (73), 

== — dr, 

or when we execute the differentiation and utilize the value for 
dr resulting from equation (54), we get 




where c means the specific heat of the liquid. If we utilize here 
Clausius’ temperature function h from equation (56), p. 60, 
there follows 



Thus, 


we get 


for example, for water and the temperature values 

t=0° 100° 200° C. 

[t=32° 212° 392° F.] 

c= 1 1.013 1.044 

-1.9166 -1.1333 - 0.6766 


from which we respectively find 

A= 0.343 0.472 0.607, 


so that the value k is by no means a constant quantity. 

The adiabatic curve of wet vapors plays an important part in 
certain technical problems, which we will discuss later; it there- 
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discussed on p. 67. Those considerations, to be sure, referred 
only to the behavior of dry saturated vapor; but a closer con- 
sideration of equation (66) shows that the vapor of water (and the 
other vapors before grouped with it, in this sense) may sometimes 
condense during adiabatic compression, when it is not dry 
at the beginning but is wet, and that it is here only a question 
of the initial value Xi of the steam quality; conversely an evapora- 
tion occurs with expansion. Thus there follows from equation (66) 

(x ^i)y ■ Vi r • • • • 

If we think of expansion, and therefore assume t<ti, we have 
for Xi = 1, in the case of vapor of water, a negative value 
for the right member of this equation, and accordingly x<xi, i.e., 
the steam present diminishes. 

On the other hand if we assume that at the beginning only 
water is present, so that Xi = 0, then the right-hand member be- 
comes positive, hence x>xi; i.e., steam formation occurs. 

Finally we recognize that, between the two initial conditions 
assumed and the presupposed temperature limits, there may exist 
an initial condition for which the steam quality z at the end of 
the expansion will be the same as at the beginning (but not during 
the course of the expansion); according to equation (72) this case 
occurs when 


Xl = 


Ti-r 
r ri * 


T Ti 


■ . (73) 


For example, if the vapor of water is g?ven and expanded adia- 
batically from 4 atmospheres to 1 atmosphere, then the preceding 
formula gives 

xi =0.501, 

when we utilize the corresponding value of Cols. 5 and 6 in the 
table on p. 62. We get in this way for other pressure limits other 
values of xi which differ but little from 0.50, so that wc can at 
least say in general that, during the adiabatic expansion of 
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which equation is a general one. But with adiabatic change of 
state 

AdL= -AdU, 

hence we also have 


AdL= —iudt—d 



and accordingly we have in the place of equation (68) 


AL^w(T^-T)+vi^^->A. .... ( 71 ) 

The work can therefore be computed directly, as soon as the 
initial and final volumes and the initial and final pressures are 
given. 

For practical calculations, however, it is more advantageous 
to make use of equations (66) to (68). 

It may happen, for instance, that the adiabatic crosses the 
limit curve. This may occur during the adiabatic expansion 
of the vapor of ether and during the adiabatic compres- 
sion of the vapor of water and of the remaining vapors adduced in 
this treatise; but then the formulas lose their validity. If such a 
crossing of the limit curve takes place, it is manifested by equation 
(66) furnishing for the steam quality the impossible value x>l. 
Therefore, in order to better control this matter, the quantity x 
should always be computed beforehand and we may thus use to 
better advantage equations (66) to (68). Equation (66) enables us 
to recognize that with the adiabatic change of state of wet vapor 
there is always connected a change of steam quality x. If we 
assume for the start that the steam is dry saturated, that is assume 
xi = 1, then a condensation of steam is connected with the expan- 
sion of the vapor of water; while, in the converse case of adiabatic 
compression, a:>l occurs, a sign that in so doing the steam is 
superheated. All the other vapors mentioned in this book behave 
in like manner, with the sole exception of the vapor of ether, which, 
initially supposed to be dry saturated, acts in just the opposite 
way; namely, it is superheated by expansion and is con- 
densed by compression, a phenomenon which was fully 


THE ADIABATIC CUEVE OF WET VAPORS. 


77 


We therefore get from equation (66), for when we divide both sides 

by A, the value 

a; -0.9211, 


and then 


t). =0.4484, « = 1.5203, -=3.390. 
[d, =7.183, V =24.354]. 


Since x<Xi, adiabatic expansion here involves partial condensation. 
Furthermore, for the present case, according to Table 11, 


5, =145.310, 5 = 100.500, p, =461.496, (O=496.300 
[g, =261.558, g = 180.900, ft =830.693, />=893.340], 

and hence, from equation (68) , 

ylL =49.064 cal. [88.495 B.t.u.] 
or 

L =20845.5 mkg. [68391.5 ft-lb.]. 


For the solution of the questions treated in the foregoing we 
might also have made use of equation (51a), p. 58. If we there 
substitute dQ=Q, there follows 

).o, 


(t)dt +ATd(^v^ 


and from this results the equation of the adiabatic curve, provided 
we assume, as was there indicated, the value w constant, 



• (69) 


from which we can determine v directly for an assumed pressure p; 
for the vapor of water we must specially substitute m = l. The 
table in the Appendix and also the table on p. 62 give the value 
of the differential coefficients occurring in this formula. 

In like manner a second expression can be developed for the 
produced or consumed work L. 

According to equation (52), p. 58, 

AdU — ujdt d(v~\ f 


(70) 
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now gives us the means of fixing the course of the adiabatics of 
wet vapors. If the pressure and volume pi and Vi are known for 
the initial condition a, the first of equations (67) determines the 
steam quality Xi, or, conversely, we determine from the latter the 
specific volume Vi. 

For any other pressure p we then get for equation (66) the 
steam quality x, and from the second of equations (67) the specific 
volume V belonging to the point b (Fig. 6a). In this way a series 
of points on the adiabatic curves can be established and its course 
determined. 

The work L, produced during adiabatic expansion, is found 
from the fundamental equation 

dQ^A(dU+dL) 

when we make dQ=0 and employ for dU equation (41), p. 54; 
then 

AdL= —dq—d{xp), 

and from this, by integration, 

AL=qi -q+xipi -xp ( 68 ) 

Accordingly, when the specific steam quality x is determined for 
the final pressure p by equation (66), the work can be calculated. 

Example. Let a kilogram [pound] of dry saturated steam expand 
from the initial pressure of 4 atmospheres down to the final pressure of 1 
atmosphere, then, according to the table on p. 62, and also Table 11 of the 
Appendix, 

Ui **0.4474 
u,~7.167] 

u, -1.6495 
M. =26.423]. 


and 


J =181-103, ^-513.587, 
Q =330.10, ^=936.12, 

7=132.954, -^=609.856, 

A AT 

[f =242.34, =1111.77, 
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The first term of the right side can be integrated at once, but 
the second term can only be integrated when the temperature 
functions 

r rq 

and 

are replaced by simpler empirical formulas. When the work L is 
produced the heat quantity becomes simply Q=AL. 

§ 11. THE ADIABATIC CURVE OF WET VAPORS. 

During adiabatic change of state no heat is imparted or with- 
drawn during the entire course and therefore dQ=0, and if we here 
draw on equation (55), p. 59, we get 

Td{x+~)^0, 

or, providing the quantities belonging to the initial condition with ’ 
the subscript 1, 

= ( 66 ) 

Accordingly the change of entropy P given by equation (58), 
p. 61, is a constant quantity; hence the transformation of the 
adiabatic curve ah (Fig. 6a) is a straight line a'h' lying parallel to 
the axis of ordinates, as Fig. 65 shows. 



Equation (66) in combination with equations 

»i=XiMi + a and i;=z«+a . . , , 


( 67 ) 
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and furnishes the means of computing the temperature, and hence 
the pressure and volume of the point of intersection. 

Example. If the point of intersection is to lie exactly at one atmos- 
phere of pressure, and if the initial pressure is 5 atmospheres, then the steam 
quality a:,, necessary at the beginning, will be found to be a;, =0.965, from 
the preceding formula and the utihzation of the numerical values given m 
the preceding example. 

As regards the heat quantity which must be imparted to wet 
vapors during isodynamic change of state, we have the funda- 
amental equation 

dQ^AidV +pdv), 

and because dU=0, 

dQ=Apdv, 

according to whichr the area, bounded by the isodynamic curve,, 
represents the heat quantity Q measured in units of work; it is 
therefore unnecessary, for the graphical determination of this heat 
quantity, to first transform the curve. 

If, in the preceding equation, we designate the work pdv by 
dL, then by utilizing the first of equations (63) we get 


from which results 


dL=pd{xu), 


dL=d(pux) —xu^dt, 


or, with the use of Clapeyron's equation (22), p. 29, 


dL=d{pux) 



a formula which is still general for every kind of expansion. 

If, for the present case, we substitute in the second term of the 
right member the value of x which comes from equation (62), we 
get 

dL-=dipux) +xiPi -q)dt. 
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Accordingly, at the end of the expansion from 5 to 1 atmospheres, we have 
more steam on hand than at the beginning, because x>Xj^ results, and 
therefore the expansion involves a partial evaporation. 

If v/e allow ourselves to make the assumption that the isodynamic 
curve is subject to the law 


where the exponent is a constant quantity, then, in the present example, 
we find 


log Pr-log p 
log r— log 2 ), 


= 1.031. 


Hence the exponent v differs but little from unity, a result whi(*h is also 
obtained when other pressure limits are assumed. The iosdynamic curve 
of wet vapor has therefore approximately the course of an e <1 u i 1 a t e r a 1 
hyperbo la; wet vapors approach gases in this respect. 


If we subtract Xip from both sides of equation (62) we get 
from it “ 


X — Xi 


qi-q+Xiipi-p) 

P 


(65) 


If we consider the formulas for q, given under (15), p. 22, 
and likewise the formulas for p, according to (25), p. 31, it is seen 
that the right side of equation (65) becomes positive for all vapors 
mentioned above (also for vapor of ether) when the temperature 
diminishes, i.e., when expansion takes place and hence x>xi. 

With wet vapors, therefore, expansion, according to the iso- 
dynamic curve, involves partial evaporation, and compression in- 
volves a condensation of the steam. If the expansion is continued 
long enough it is possible that x = l will result, and dry saturated 
steam ensue; at this point the isodynamic curve passes through 
the limit curve; with a further continuation of the expansion the 
steam passes into a superheated condition in which the isodynamic 
curve takes a different course from that in wet field. 

For the point of intersection of the limit curve, r-1 must be 
substituted in equation (62); the formula then becomes 


q+P=qi 
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solves the proposed question as to the course of the isodynamic 
curve; of course the equation of the curve just obtained is not 
in the usual form, i.e., the pressure p is not expressed as a function 
of the volume v, but the equations secured enable us to compute the 
coordinates of the several points, and their lay-off then shows the 
course of the curve. 

If there is given, for the initial condition, the steam quality xi, 
likewise the temperature h and hence the pressure pi, we shall also 
know the values qi, pi, and Ui, and can compute the right member 
of equation (62), and with its aid get from the second of equations 
(63) the specific volume »i for the initial condition. 

For any other value of the temperature t or of the pressure p 
we can compute, from equation (62), the steam quality x, and from 
the first of equations (63) the volume v. The combination of the 
equations gives, moreover, for the direct computation of v, the 
formula 

q+^(v-c) = qi+^ivi-a) (64) 

Example. Let a cylinder contain one kilogram [pound] of water 
and steam, of pressure p, =5 atmospheres, and of it let a; **0.80 be in the 
form of vapor, then, according to Table 1 1 of the Appendix, 

q, = 153.741, fOi =454.90, u, -0.3626 
=276.734, p, =818.982, u, -5.8085]. 

On the other hand, for the pressure of one atmosphere, we get 

q = 100.500, p =496.300, u - 1 .6495 
[q = 180.9, p =893.34 u -26.423]. 

Hence we find from equation (62) 

X -0.8407, 

and according equations (63) 

V, -0.2911 and x- 1.3877 cbm. 

[v, —4.0223 and v « 22.229 cu. ft-]* 

The ratio of expansion is therefore 

V 

4.766. 
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from which follows 

AL = 63.922 Cal. and L =27102.9 mkg. 

[AL = 115.06 B.t.u. and L=88922 ft-lb.]. 

Therefore there is consumed in outer work not only the whole of the heat 
supplied, but also a part of the inner work. 


§ 10. THE ISOTHERMAL AND THE ISODYNAMIC CURVE 
OF WET VAPORS. 

(a) Isothermal Curve. The change of pressure p 
with volume v takes place according to the isothermal curve, when 
the temperature t is kept constant during the changes of state. 
Now because with wet vapor the pressure depends only on the 
temperature, we have also the pressure constant during the assumed 
change of state, and therefore the isothermal curve is a 
straight line running parallel to the axis of 
abscissas. 

We have already fully discussed the matter of evaporation 
and condensation under constant pressure in §§ 3 and 4, so 
that the question of isothermal changes of state is settled by 
those discussions. That the transformation of the isothermal 
curve is likewise a straight line parallel to the axis of abscissas 
was explained when considering Fig. 5, p. 04. 

(h) I s 0 d y n a m i c Curve. If the inner work TJ (intrin- 
sic energy) is kept constant, while the pressure and volume of wet 
vapors change, then we designate the corresponding pressure curve 
as the “isodynamic curve.” If U is constant, i.e., dU =0, it fol- 
lows from equation (41), p. 54, namely, from 

AdU =dq+d{xp), 

by integration that 

q+xp=qi+Xipi, ....... (62) 

if we regard as given the temperature h and the steam quality Xi, 
for the initial condition. 

This equation in combination with the two formulas 

v=xu-¥(j and v^=xiUi+a (63) 
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of the entropy P, the left side of this equation represents nothing 
hut dQ there follows 

dQ =hdtj 

which formula also directly ensues from the heat equation (57), 
given by Clausius. For if the change of state takes place 
along the limit curve we simply substitute in the quoted 
equation, which immediately leads to the preceding formula whose 
integration determines the heat quantity Q which must be im- 
parted to dry saturated steam when it expands according to the 
Tmit curve. 

The auxiliary table on p. 63 gives, in Col. 8, for the vapor 
of water the values of 

t 

f hdtj 
0 

which appear negative for the reasons mentioned. 

Example. Let dry saturated steam of 5 atmospheres pressure 
expand along the limit curve till the pressure has fallen to 1 atmosphere, 
then if U represents the initial and U the final temperature, we shall have 

h h h 

Q = f hdt=^J hdt —J hdt, 

ti 0 0 

and therefore, according to the table on p. 63, 

Q - - 148.470 - ( -200.457) - +51 .987 caL 
[(2-+ 93.577 B.t.u.], 

which amount represents the heat quantity which in this case must be 
supplied to the steam from without. 

The change of inner work, measured in units of heat, is found by inte- 
grating equation (41), p. 54: 

AdU =«^ig + d(x/o), 

and if we substitute x^l and utilize the corresponding statement of the 
main Table 11 of the Appendix, the integration becomes 

-11.935 CaL[-2L483 B.t.u.]; 

consequently we have here a diminution of inner work. The outer work 
Z/, produced by expansion, is determined by 

Q -A -[/!)+ AL, 
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if we designate the value of the temperature function for t 0 by 
the subscript 0, there follows, from equation (56a), because 2=0, 

For a vapor whose total heat is represented by the empirical 
formula 

where a, and 8 are constant factors, there follows therefore 

(/ir)o=273;3-a 

[(;iT)o=491.4/?-a]. 

For example, Regnault gives for the vapor of benzine 

>1=109.00 + 0.24429 15-0.0001315 
[1=196.20 + 0.24429 (i -32°) -0.0000731 (i-32°)2]; 

for such a vapor, therefore, calculation gives (AT')o = -42.309 
[-76.156]. Benzine vapor consequently ranges itself on the side 
of water vapor. 

For alcohol vapor, as already mentioned, Regnault gives 
an empirical formula only for the liquid heat q (equation.s 15, 
p. 22). But then from the values given in Table 36 of the Ai)i)en- 
dix we get 

t =0° 40° 80° 

T+^ =3.1413 3.1172 3.0447 

As the latter values diminish with growing temperature this 
vapor also behaves like the vapor of water. 

Of the kinds of vapor which thus far permit investigation, 
only the vapor of ether exhibits the exceptional behavior men- 
tioned. 

If we replace the bracketed quantity of the right member of 
equation (61) by h, and remember that, according to the definition 
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The expression in the brackets, according to equation (56), p. 60, 
is nothing else than the temperature function h, introduced by 
Clausius; its sign decides the question at once, and it was 
this very fact that the negative sign occurs with the vapor of 
water which led Clausius to his discovery in his first article 
(1850). 

The sign of h is also decided by equation (56a); if we there 
utilize the empirical formulas for X and q, given under (14) and 
(15), there follows for 

vapor of water : 

hT = - 523.23 + 1 + 0.00002 + 0.0000003 
= -941.814 + (t-32°) +0.0000111 (i-32°)2 

+ 0.000000093 (i-32°)3], 

vapor of ether: 

hT = +28.85+0.2257 <-0.0002596 < 2 , 

[AT = +51.93 +0.2257 (< -32°) -0.0001442 (<-32°)2], 

vapor of acetone : 

AT = - 40.473 + 0.2247 < - 0.000119 < 2 , 

[AT = -72.851 +0.2247 (<-32°) -0.0000661 (<-32°)2], 

vapor of chloroform : 

hT = -29.462 + 0.2323 < -0.0000507 < 2 , 

[AT = -53.032 + 0.2323 (<-32°) -0.0000282 (<-32°)2], 

vapor of chloride of carbon: 

AT = -12.087+0.1041 <-0.000081 < 2 , 

[AT = -21.757 + 0.1041 (<- 32°) -0.000045 (<-32°)2], 

vapor of bisulphide of carbon : 

AT = -50.139+0.0101 < -0.0003308 < 2 . 

[AT = -90.250 +0.0101 (<-32°) -0.000184 (<-32°)2]. 

For the ordinarily occurring temperatures the equation is at 
once decided by the sign of the first term of the right member of 
these expressions; this term represents the value of AT for <=0; 
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with increasing temperature T & decrease of the 
abscissa 

+ (60) 

as occurs, in fact, in Col. 7 of the above-given table for steam. 

If, on the other hand, the transformation of the pressure curve 
has a course like that of the dotted curve die in Fig. 5b, then the 
vapor considered will exhibit the opposite behavior, the value P 
of equation (60) will increase with growing tem- 
perature and accordingly heat must be supplied to the 
steam during its expansion as per limit curve. 

H i r n 1 first called attention to the fact that the vapor of 
ether really behaved in this exceptional fashion; with respect to 
this behavior, therefore, we must place the kinds of vapor in two 
groups; those of one group range themselves on the sitle of the 
vapor of water, the other group on the side of the vapor of ether. 
Immediately after Regnault’s experimental results were 
made known, I examined all the rest of his vapors in the direction 
indicated.^ 

For this purpose it is only necessary to investigate whether, 
for the vapor considered, the value P found from equation (60) 
increases or decreases with growing temperature, or whether the 
differential is positive or negative; the former is the case with 
ether, the latter with water. 

If we consider the meaning of t according to equation (54), 
p. 59, differentiation gives 

ATdP^[c+^-f\dl (61) 


^Hirn, ^^Confirmation exp^rirnentale de la scconde propoBition do la 
th^orie m4canique de la chaleur et des Equations qui en d4coulent.^' CosnioB, 
Year XII, Vol. 22, p. 413. 

2 Compare the articles by the author in the Vierteljahresschrift der naturf. 
Gesellschaft in Zurich, Year 1863, p. 68: *^Das Verhalten verschiedener 
Dampfe bei der Expansion und Compression” and ‘^Tabello fur gesEttigte 
Aetherdtopfe.” See also Combes, '^Expos4 des principes de la th4orie 
m4canique de la chaleur.” Bulletin de la Soci4t4 d'Encouragetnent pour 
rindustiie Nationale, Paris, 1863-1864. 
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would coudenso, whilo in tho othor cas6 the steani would bo 
superheated. 

Now, for the vapor of water, the transformation of the 
upper limit curve has in fact the course indicated in Fig. 56, and 
therefore this kind of vapor partially condenses during adiabatic 
expansion. R a n k i n e and Clausius first called attention 
to this particular behavior of water, but each of them reached 
the result mentioned in a somewhat different way. In its day, 
the discovery was rightly regarded as a highly important result 
of the first steps in thermodynamics and effected a decided change 
in the views which then prevailed in technical circles concern- 
ing the behavior of steam during its expansion in the cylinder 
of the steam engine. 

P a m b 0 u r took for a basis of his theory of the steam engine 
the hypothesis that the steam in the steam cylinder is dry saturated 
and expands in such a way as to remain dry saturated during the 
expansion and fall of pressure, or, in the words of the above-given 
presentation, the steam expands according to the 
upper limit curve. At that time, and for a long time 
afterwards, even in the' earlier edition of this book, there was' 
tacitly connected with the thought of the expansion of steam 
in steam engines the assumption that the cylinder walls had 
little or no influence on the expanding steam; in other words, that 
adiabatic expansion might be assumed. The significance of the 
discovery mentioned, particularly its technical importance, was 
supposed to lie principally in the recognition that dry saturated 
steam partially condensed in the steam cylinder during adiabatic 
expansion and that Pambour’s assumption had thus become 
untenable. But the new views concerning the changes of state of 
the steam in the cylinder of the steam engine, which we will discuss 
more fully later on, give a subordinate importance to the discovery 
mentioned, so far at least as this special technical problem is 
concerned. 

We have already mentioned that expansion of the steam 
according to the upper limit curve M (Fig. 5a) makes a supply 
of heat necessary when the transformation dido of the limit curve 
has the course indicated in Fig. 56, i.e., when there is coimected 
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f)5 

represents the latent heat r, but measured in units of work. The 
area of this rectangle can be computed, by utilizing the preceding 
expressions, from 

iP2-Pi)T=j. 

In order to transform the lower limit curve bb (Fig. 
5a) lay off the temperature values T as ordinates and the corre- 
sponding values of t.A (see Col. 5 of the preceding table) as ab- 
scissas; for the temperature i=0 we also have r =0 and therefore 
O6o=273 [491.4] (Fig. 56); hence the curve 6 o 6 i is the transforma- 
tion of the pressure curve when the liquid is heated from 0 ° to i°, 
and the area lying (vertically hatched in Fig. 56) under this curve 
bobi consequently represents the heat of the liquid q, 
measured in work. 

If we wish to transform, in like manner, the upper limit curve 
dd, we lay off the values 



as abscissas (Col. 7 of the above table) and the corresponding 
temperatures T as ordinates; let the curve dido (Fig. 56) rci)r(!Hent 
the transformation. If the point do is to correspond to the tem- 
perature 0 ° C. [32° F.], i.e., to T =2 73° [491.4°], then we find for 
water, for example, the abscissa OP 3 =941.958 [1716.93], according 
to the preceding formula, because t= 0 and r =606.5 [1091.7], 

The area (vertically hatched in Fig. 56) lying under the curve 
dido now represents the heat quantity, measured in units of work, 
which must be imparted to the dry saturated steam if the 
latter is to expand from the pressure p, and corresponding tem- 
perature t, according to the limit curve, till its 
temperature has fallen to 0 ° C. [32° F.] and to the corresponding 
pressure. 

Conversely, if the steam is to be compressed according to 
the limit curve, a withdrawal of heat must take place; 
if heat were not imparted in the first case a part of the steam 
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As a special part of the investigation let us first discuss the 
transformation of the two limit curves. 

In Fig. 5a let the state of a unit of weight of wet steam at the 
point c be given by the volume v and the pressure p, and let the 
steam quality x be known from v=^xu-\-a. 



Then the transformation Ci of this point in Fig. 56 is deter- 
mined when we calculate the value P according to equation (58) 
and lay it off as abscissa OP, in doing which the constant Po can 
be placed equal to zero; hence the abscissa is 



and T is the ordinate. For the unit of weight of liquid of the same 
temperature we have a:=0 and for dry saturated steam x = l] for 
the transformations bi and di of the two points b and d (Fig. 4a) 
the abscissas are 

P.-i aad P.-l(.+f), 

which magnitudes can be taken from the preceding auxiliary table 
for steam, corresponding to the different pressures. The horizontal 
bidi is the transformation of the horizontal pressure curve bd, and 
the rectangle lying (horizontally hatched) below bidi therefore 
represents, according to the principles enunciated, the heat quan- 
tity necessary for steam formation under constant pressure, i.e.. 
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If we calculate the value P according to equation (58), for 
several points of the curve, and lay it off in Pig. 45 as abscissa and 
the corresponding absolute temperature T as ordinate, we will get 
in the curve aici5i the transformation of the pressure 
curve acb; in so doing the constant Pq can be chosen quite arbi- 
trarily and may at pleasure be taken Pq =0. Here the hatched 
area bounded by curve acb in Fig. 4u represents the outer work 
produced during expansion, while the hatched area in Fig. 45 
represents the heat quantity Q which must be supplied to the 
vapor from the outside during the assumed expansion of the vapor, 
and this heat is measured in units of work. 

In so doing it is of course assumed that during the whole 
change of state the steam remains wet and consequently the 
expansion curve acb does not overstep the upper limit curve (see 
p. 62) indicated by dd in Fig. 4a. To assist such representations 
the accompanying auxiliary table was calculated specially for the 
vapor of water, which table contains not only the tem- 
perature functions occurring in the preceding formulas, but also 
others, calculated for different pressures, that will arise in subse- 
quent investigations. [For English units sec Table 13, Ajjpendix.] 


Saturated Steam. 


7. 

8. 

t 

J hdt 

0 

9. 1 

1 dq 

A dp 

10. 

1±(l) 

A dp \uJ 

11. 

^ ±(L) 

dt\uJ 

! Pressure in 
Atmospheres 

V 

768.122 

-126.747 

2.0631 

11.976 

5.859 

0.5 

742.810 

-148.470 

1.1618 

11.088 

9.668 

1 

718.273 

-170.639 

0.6600 

10.194 

15.722 

2 

704.349 

-183.778 

0.4763 

9.675 

20.749 

3 

694.690 

-193.163 

0.3788 

9.299 

25.149 

4 

687.338 

-200.457 

0.3175 

9.014 

29.160 

5 

681.423 

-206.394 

0.2752 

8.774 : 

32.808 

6 

676.513 

-211.481 

0.2440 

8.557 

36.166 

7 

672.307 

-215.862 

0.2201 

8.409 

39.471 

8 

668.635 

-219.726 

0.2009 

8.264 

42.557 

9 

665.391 

-223.178 

0.1853 

8.143 

45.633 

10 

662.487 

-226.292 

0.1723 

8.004 

48.217 

11 

659.866 

-229.134 

0.1613 

7.896 

60.892 

12 

657.471 

-231.752 

0.1518 

7,794 

5SA50 

13 

655.283 

-234.165 

0.1435 

7.699 

55.910 

14 
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Suppose the unit of weight of wet steam of volume Vi and 
pressure pi to be given, and let it expand according to the curve 
acb (Fig. 4o) to the volume and to the pressure p 2 , then for 



every intermediate state v and p the corresponding temperature t 
is at once given by this pressure p, and the equation v=xu+<t 
enables us to calculate the steam quality x for the instant. Con- 
versely, the steam quality x may be given beforehand for every 
point of the curve acb and the determination of the corresponding 
specific volume v be required. 


Auxiliary Table for 


1. 

Pressure in 
Atmospheres 
V 

(latm, “10333kg) 

2. 

T 

3, 

dp 

dt 

kg persq. m. 

4. 

ilogeT 

5. 

r 

A 

6. 

r 

AT 

0.5 

354.71 

207.41 

2489.43 

111.397 

656.725 

1 

373.00 

369.67 

2510.75 

132.954 

609.856 

2 

393.60 

653.86 

2533.54 

156.100 

562.173 

3 

406.91 

909.22 

2547.64 

170.478 

533.871 

4 

417.00 

1146.57 

2558.03 

181.103 

513.587 

5 

425.22 

1371.00 

• 2566.30 

189.583 

497.755 

6 

432.22 

1585.43 

2573.23 

196.698 

484.725 

7 

438.34 

1791.32 

2579.19 

202.846 

473.667 

8 

443.81 

1990.00 

2584.45 

208.277 

464.030 

9 

448.77 

2183.25 

2589.16 

213.153 

455.482 

10 

453.31 

2370.92 

2593.43 

217.571 

447.820 

11 

457.50 

2553.97 

2597.33 

221.612 

440.875 

12 

461.41 

2732.60 

2600.94 

225.364 

434.502 

13 

465.08 

2907.43 

2604.30 

228.858 

428.613 

14 

468.53 

3078.75 

2607.43 

232.123 

423.160 
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the steam, after being heated through dt, may again be in 
the saturated condition. 

If we substitute in equation (56) the total heat in place of r 
by making use of the relation r=A—q (see p. 21) and of dq=cdt, 
then we get the following expression: 

hT = T^-X-^q, (56a) 

which can also serve for the computation of the function h. 

§ 9. THE ENTROPY OF WET VAPORS AND THE TRANS- 
FORMATION OF THEIR PRESSURE CURVES. 

During the derivation of the fundamental formulas in the first 
section, Vol. I, the expression 

dQ 

AS 

appeared as a complete differential, and later it was found that 
the function S was simply identical with the absolute temperature 
T. The integral 



was designated as heat weight (entropy, according to Clausius) 
and was specially determined for gases on p. 135, Vol. I. 

This value can easily be calculated for wet vapors, the two 
forms (51a) and (55) of the heat equation being best suited for this 
purpose. The last-mentioned equation gives directly 

), (58) 

and the other 

P'=Po'+|log.r+vf, 159) 

where Po and Po are to be regarded as integration constants. 

Of these two identical equations that one is chosen for the 
solution of particular problems which evidently leads most quickly 
to the solution; in the following discussion we will for the present 
take equation (58) as a basis. 
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It is more exact for water to use the relation 

t= 2.4318893 logio ^^^-0.0002057 ^+0.00000045 . (54b) 

AKQ 4 J_/ 

[r=2.4318893 logio ^^f—0.0001143(i -32°) 

+0.000000139 (i-32°)2], 

according to which formula a series of values for r have been com- 
puted (p. 62). 

Fourth Transformation. If we effect in equation 
(53) the differentiation indicated in the second term, we get 

T 

dQ=cdt+ rdx + xdr - x-^dt, 


and if in the right member xcdt is both added and subtracted, there 
follows, after some rearrangement of the terms, 


( dv T 


dt. 


Let us designate the quantity in the parenthesis of the third 
term by h, so that 

dr r 


^~^'^dt T’ 


then we will get 


dQ=(l—x)cdt+rdx+xhdt. . 


(56) 

(57) 


In this form the equation is also first found with Clausius; 
the first term (1 —x)cdt of the right member represents that part of 
the supplied heat quantity dQ which is expended in raising the 
temperature of the liquid (1— x) present an amount di\ at the 
same time the liquid element dx is converted into steam and re- 
quires for this purpose the heat quantity rdx, which constitutes the 
second term; finally xhdt represents that part of dQ which enters 
the steam part of the mixture; the unit of weight of steam requires 
the heat quantity Mt and consequently, as Clausius has 
already pointed out, the factor h plays the part of a kind of specific 
heat; hdt is the heat quantity which must be imparted to the unit 
of weight of steam when its mass expands through dv in order that 
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If we substitute this value in equation (43) we get 

dQ =^dq +d{xp) +Ad(xpu) —Axudp. 

The second and third terms of the right-hand member of this 
equation can be reduced to o n e term if we substitute the latent 
heat r for p-\-Apu] bo-th terms can then be replaced by d{xr). For 
the last term, moreover, there is obtained from equation (22), p. 29, 

Axudp =^^dt] 

hence, and because dq^cdt, 

XT 

dQ = cdt + d{xr) — ^dt (53) 

In this form the equation was first given by Clausius; 
there also follows from it 

dQ=dq+Td(^^y 

If we introduce into the formulas a temperature function z, 
for which the relation 

-A 

0 

holds, we finally get 

d/Q=Td(z+Y)> ( 55 ) 

and this formula is of special value in certain investigations. 

With the help of the empirical formulas (15) for q, p. 22, the 
temperature function t, which will be shown later to have a special 
significance, can easily be determined and its numerical value 
found for every temperature. 

Clausius considered it permissible in the case of the 
vapor of water to substitute a constant mean value for the 
specific heat c (Clausius made c = 1.013), and this gives 


1 ^ 
T-clog,273' 


(54a) 
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gives, for the change dU of the inner work, the formula 

AdU = <odt-{-d(v^ (52) 

If we introduce the relation (35), p. 39, into the second term 
of the right member of equation (51) we get, after some easily 
followed transformations, 

dQ=ajdt+ATd(v^y (51a) 


a form of equation used by E. H e r r m a n n.^ 

As early as the second edition of this book (1866) , p. 349, I 
pointed out that the quantity co for the vapor of water, 
according to equation (50), is a constant and with great accuracy 
we can take w=l, between the wide temperature limits 0° C. 
[32° F.] and 200° C. [392° F.]. 

E. Herrmann has extended the investigation to the rest 
of the vapors contained in my tables,^ and only with alcohol and 
acetone did he find greater variations; with other vapors the con- 
stant character of cd clearly appears; he finds as mean values: 


for ether cj =0.532 chloride of carbon w =0.201 
chloroform 0.232 bisulphide of carbon 0.235. 

Third Transformation. If we differentiate equa- 
tion (44), which was given above for the specific volume of the 
mixture, we get, because a can be regarded as constant, 


therefore 


dv =d{xv), 
Apiv =A'pd{xu), 


and from this, according to a well-known principle in differential 
calculus, 

Afdv =Ad(pux) —Axitdp. 


1 Kompendium der mechanischen Warmetheorie. Berlin, 1879, p. 123. 
’ Ibid., p. 139. 
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and only a function of the volume, becomes, according to equation 
(47) , with wet steams, a function of the volume and of the 
pressure. 

If there were need of determining numerically the differential 
coefficients occurring in equation (47), then the followdng relations 
could be employed: 

^ c 

dp dp ’ 
dt 

where c represents the specific heat of the liquid; and, utilizing 
equation (36), p. 39, we should have 



The preceding transformation of the fundamental equation (43) 
is only presented in order to bring out the significance of the func- 
tions X, Y, and Z. 

Second Transformation. If the differentiation in- 
dicated in equation (45) is effected by considering q, p, and u as 
functions of the temperature t, there follows 

If we simplify by substituting 



where cu is for the present to be regarded as a function of the tem- 
perature, we get 

dQ = (odt + d (v^ + A pdv (51 ) 

Comparison with the fundamental equation 


dQ-AdU + Apdv 
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If we compare this equation with the fundamental equation 
dQ=A[Xdp + Ydv], 

given in the first section, Vol. I, p. 32, there can be found for wet 
steam the two functions X and Y which can then be introduced 
into the general investigations and be regarded as functions of p 
and V. Accordingly, 



also 

Ay=- (48) 

u 

The third function Z (Vol. I, p. 32) there employed bears to Y 
the relation 

F=y + p. 

Therefore we also have 

(«) 

Considering Clapeyron’s equation (22), p. 29, there 
also follows 

7-rf and 2-r|-p. 

We recognizq from the preceding that with wet steam the two 
functions 7 and Z are only functions of the pressure p, as was 
also the case with gases, for which 

7=-!^ and 2=-^ 

K— 1 K — 1 

were found (Vol. I, pp. 124 and 131). On the other hand the 
■quantity X, which for gases was 
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Por the case that the changes of state occur in reversible fashion, 
■which case we will now examine more closely, we can, according 
to the presentation on p. 31, Vol. I, replace the value of the 
external work dL by pdv, the substitution of both this value and 
that of dU as given by equation (41) in equation (42) then fur- 
nishes 

dQ =dq +d(xp) +Apdv (43) 

If we add to this the equation already given for the specific 
volume V of the mixture, namely, 

v=xu + a, (44) 

then these equations, combined with Clapeyron’s equation, 
can solve all problems that can be proposed with respect to rever- 
sible changes of state of mixtures of vapors and liquids, or, to speak 
more briefly, with espect to “wet vapors. ’ 

In order to solve certain problems it is advantageous to bring 
the preceding fundamental equation (43), from the start, into 
another form, and there are several such transformations. 

First Transformation. If we substitute the value 
of X derived from equation (44) in equation (43), there results 


dQ=dq+d(^iv — a)^ +Apdv. 


(45) 


If we effect the differentiation indicated, by treating the quan- 
tities q, p, and u as functions of p, there follows ■ 

or if we utilize in the second term of the right member the relation 


r=p+Apu, 


we shall get 




. («> 
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During the change the heat contained in the mixture has been 
increased by the amount 

q—qi+xp-xipi) 

but this value is evidently identical with the change (!7 - C/i of the 
inner work, measured in units of heat ; we therefore get the 
equation 

A{U-Ui) =q-qi+xp-xipi, 
and passing to the differential we get 

AdU ^dq+d(xp) (41) 

This equation gives us the means of determining the change of 
inner work for any change of state whatever ; here 
dq may be replaced by cdt, and the heat of the liquid q and the 
inner latent heat p are known from the formulas on p. 22 and 
p. 31, as functions of the temperature; of course this equation 
and the other formulas about to be developed will hold only so 
long as the steam remains saturated or so long as liquid is present 
with the steam in the mixture; in other words, so long as the pres- 
sure p can be regarded as a function of the temperature t o- n 1 y. 

It is worth noting that the preceding formula can be derived 
in an elementary way without having recourse to the general 
formulas of the first section. 

Further, let us assume that during the supposed change of 
state there has been performed an external work dL while the 
Tinfl.as expands the amount dv; then the heat quantity dQ that must 
be supplied to the mixture is 

dQ=AidUAdL), (42) 

which was given upon p. 26, Vol. I. 

The two equations (41) and (42) in combination with the pre- 
ceding now furnish the means of following the behavior of mix- 
tures of vapor and liquid for all kinds of heat supply, changes of 
volume and changes of state, whether they are reversible or non- 
reversible. 
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the comparison of the numerical values of Cols. 3 and 4 of the 
table on p. 51, that steam, generated at low temperatures from 
boiling water, must be, in part, dissociated in statu na- 
s c e n d i, but in so doing T u m 1 i r z probably overestimates the 
degree of accuracy of both columns. 

§ 8. HEAT EQUATIONS OF MIXTURES OF VAPOR AND 
LIQUID (WET VAPORS). 

Let a unit of weight of a mixture of vapor and liquid be en- 
closed in a vessel; let the weight of the steam present be x (steam 
quality), and (1— a:) the liquid present; let t be the temperature, 
and f be the corresponding pressure. 

The excess of heat present in the liquid over that in an equal 
weight of liquid at 0° C. [32° F.] temperature is 

{l-x)q-, 

on the other hand for the steam quality x the excess of heat over 
that contained in x kilograms [pounds] of liquid at 0° C. [32° F.] is 
(see equation 18, p. 27) 

xJ. 

Accordingly the excess of the heat contained in the mixture 
over that contained in a unit of weight of liquid of 0° C. [32° F.] 
temperature is 

{l—x)q+xJ, 

or, if we consider equation (20), namely J =q+p, we get for the 
mixture’s heat excess 

q+xp. 

Let us now suppose that this mixture experiences any change 
whatever; let the specific steam quantity at the beginning be Xi 
and its temperature h, and let qi and pi be the corresponding 
values of q and p, then at the start the said heat excess is 


2i +^ipi- 
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greater differences appear. Our values of Col. 4, as explained, 
were calculated from Clapeyron^s equation on the supposi- 
tion that Regnault's formula for the latent heat, or heat of 
evaporation r (see p. 23), is perfectly reliable; now although 
doubt in this matter was expressed on p. 25, it is, to say the least, 
awkward to calculate the values of r backward from Clapey- 
r 0 n ^ s equation, with the help of Battelli’s values of 
and then to regard these values as the more reliable ones; it 
is just in this direction that my closer investigations of the tabula- 
tion on p. 50 give values for r which vary quite irregularly with 
the temperature t. 

Even assuming that, by a reliable determination of the specific 
volume of dry saturated steam, we can arrive, in the way indicated, 
at a more exact determination of the vaporization heat r, never- 
theless there will here come into play another fact when we take 
account of the results of physical research for utilization in tech- 
nical investigations. In calculating the entropy of wet steams, 
the heat q of the liquid (p. 22), or the specific heat c of the water, 
is of equal importance with the vaporization heat r; it is just with 
respect to the reliability of Regnault’s statements in this 
direction that well-grounded doubt has been expressed in the text 
above, and by others. 

Under such circumstances it must seem thoroughly justifiable 
if, in the present book, we hold fast to the statements of the earlier 
edition with respect to the behavior of tne vapor of water. A 
recalculation of the steam tables for the purpose of technical com- 
putation need not be undertaken till B a 1 1 e 1 1 i ^ s statements 
have been confirmed by new experiments and till new calorimetric 
observations have been recorded, for since Regnault^s time 
such observations have not been instituted to any adequate extent. 

During the investigations of non-saturated and superheated 
vapors there will be opportunity to return to Battelli's 
experimental results. 

Here we may add that T u m 1 i r z (ibid.)^ concludes, from 


' Compare also: Sitzungsberichte der Kais. Akademie der WissenBchaften in 
Wien, 1896, VoL GV, Part 11. 
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values of u, according to the relation u=s — a, where s=v has been 
determined from the preceding equation of Tumlirz, and a 
by the data given by H i r n (p. 24). In Col. 4 the correspond- 
ing values of u, taken from Table lb of the Appendix, are inserted. 


1. 

Temperature 

U 

2. 

Pressure 
p mm. 

1 

u. 

4. 

u. 

According to 
Table lb. 

0° 

4.600 

203.83 

210.68 

20 

17.391 

57.862 

58.726 

40 

54.906 

19.571 

19.646 

60 

148.786 

7.6780 

7.6538 

80 

354.616 

3.4097 

3.3792 

100 

760.000 

1.6764 

1.6498 

120 

1491.280 

0.8957 

0.8753 

140 

2717.630 

0.5125 

0.4977 

160 

4651.620 

0.3002 

0.3001 

180 

7546.390 

0.1967 

0.1901 

200 

11688.960 

0.1295 

0.1257 


Of course this table permits of no comparison between the 
values of Col. 4 and those directly deducible from Battelli’s 
experiments; for this purpose the values of u must be determined 
by interpolation from the statements of the preceding table. But 
investigations in the direction indicated, whose results I will not 
present here, show irregularities which are probably due to the 
uncertainty of some observation values. For the purpose in 
hand, however, the preceding statements are sufficient, namely, to 
answer the question whether Battelli’s experimental values 
ought to be the occasion for recalculating the tables of the Appen-' 
dix for steam or not, and at the same time subject a whole series 
of my former special statements to correction. This question I 
believe I must answer in the negative. 

The values of Cols. 3 and 4 show, to be sure, some not incon- 
siderable differences, particularly in the vicinity of temperatures 
of 100° C. [212° F.], but this may also be ascribed to the application 
of Turn Hr z’ formula; for example, we get directly from 
Battelli’s statements (table, p. 50), by interpolation, 
ii= 1.6660 for <=100°, which would agree somewhat better with 
the corresponding value of Col. 4 ; at other temperatures, however, 
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in which p is expressed in millimeters [inches] of mercury, and 
T = 273 ° +t[T =45^ A° +t]; Col. 5 gives the difference between the 
observed and computed values of v in percentages. 


1. 

Temperature 

2. 

Pressure 

p mm. 

3. 

Spec. Volume 

V observed, 

V cbm. 

4. 

Spec. Volume 

V computed, 
fromT umlirz , 
V cbm. 

5. 

Difference in 
Percentage of 
Observed 
Value. 

-6.16° 

2.80 

327.246 

327.322 

0.02 

+ 1.32 

4.77 

197.853 

197.524 

0.17 

6.24 

6.87 

139.832 

139.602 

0.16 

9.72 

8.66 

112.283 

112.126 

0.14 

14.91 

12.34 

80.3114 

80.128 

0.23 

21.05 

18.07 

55.7464 

55.885 

0.25 

27.15 

25.96 

39.5342 

39.705 

0.43 

57.01 

129.14 

8.73890 

8.769 i 

0.34 

78.52 

330.78 

3.63241 

3.642 1 

0.25 

99.60 

749.12 

1.69046 

1.700 

0.56 

130.32 

2060.1 

0.661534 

0.66405 

0.38 

144.21 

3061.9 

0.457233 

0.45960 

0.52 

182.90 

7971.4 

0.187622 

0.18805 

0.23 

202.21 

12181.1 

0.125372 

0.12560 

0.18 

231.41 

21272.1 

0.072415 

0.07305 

0.87 


The values for pressure and volume in cols. 2 and 3 refer to the 
stateof equilibrium in the saturated condition; 
besides these values, B a 1 1 e 1 1 i also gives those which relate 
to the passage from the non-saturated to the saturated condition 
for the first moment of condensation. Here the values of the 
specific volume are larger throughout, and the values for the pres- 
sure somewhat smaller. T u m 1 i r z also gives his formula (a) 
for superheated steam and, with 242 observation values, there are 
only two differences from B a 1 1 e 1 1 i ’ s results which exceed 
0.90%. 

In order to facilitate comparison with the data given in the 
present treatise, the following tabulation has been computed. For 
the temperatures given in Col. 1 we have, in Col. 2, the pressure of 
saturated steam according to Regnault, and in Col. 3 the 


berichte der kais. Akademie der Wissenschaften in Wien. Mathem.-natnrw. 
Klasse, Vol. CVIII, Part 11a. Here T n m 1 i r z gives the tables ofBattelli 
very completely, as published in the papers of the Turin Academy, and he also 
^ves the tables for superheated steam. 
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Por the present purposes, however, those investigations of 
B a 1 1 e 1 1 i deserve fuller discussion, which relate to the deter- 
mination of the specific volume of saturated and of 
superheated steam. Here we will first discuss the results for 
saturated steam. 

With the help of the value r of the heat of vaporization, given 
by Regnault, and with the help of Clapeyron's equa- 
tion, there was calculated the value of — <t in Table 1Z> of the 
Appendix, s representing here the specific volume of the saturated 
steam, and a the specific volume of water at the same temperature 
and pressure. The specific weight y of the steam is found from 
the reciprocal 1 : s, and thus values are derived that are sufficiently 
confirmed by the experiments of Fairbairn and Tate (see 
p. 35). Other experimental results have not been presented 
until quite recently, although efforts have frequently been made 
to determine experimentally the specific weight y; success in the 
case of saturated steam was probably wrecked by the fact that 
some condensation always takes place on the walls of the vessel. 

Now we have the recent experiments of B a 1 1 e 1 1 i.^ 

The following tables give for saturated steam the complete 
experimental results. Col. 2 contains the steam pressure in milli- 
meters of mercury (according to Battelli), and Col. 3 gives 
the observed specific volume in cubic meters per kilogram. Col. 4 
gives the specific volume which is here designated by v instead of 
s and is computed from Tu m 1 i r z ^ ^ empirical formula 

p(z; + 0.008402) =3.4348 T {a) 

[p(r +0.13456) -1.2034 T], 

^ In the text above we made use of the following article: A. Battelli, 
^^Sulle proprietii. termiche dei vapori. Parte IV. Studio del vapor d’accpia,” 
Memoria della reale Accademia delle scienze di Torino. Series 2, Vol. XLllI, 
1893, pp. 63“98. A partial reproduction of Battelli is given in AnnaleB 
de Chimie et de Physique, 1894, Series 7, Vol. Ill, p. 408. In these annals there 
is given in Series 6, Vol. 25, 1892, p. 38, the experimental method employed in 
the investigations of the behavior of ether vapors, and in the same year, Vol. 26, 
p. 394, the experiments with bisulphide of carbon can be found and the descrip- 
tion of the experimental apparatus with the vapor of water. 

*Tumlirz. ''Die Zustandsgleichung des Wasserdampfes.” Sitzungs- 
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§ 7. RECENT INVESTIGATIONS BY BATTELLI ON 
THE BEHAVIOR OF THE VAPOR OF WATER. 

The experimental results of R e g n a u It on the pressure of 
saturated steam at different temperatures (see p. 9 and the 
tables in the Appendix), which we use exclusively in this treatise, 
agree almost exactly with the experiments of M a g n u s ^ within 
the same temperature limits, a proof of the wonderful accuracy 
with which these physicists made their determinations. R e g - 
nault^s experiments extended from -32° [-25.6° F.] to the 
temperature t =232° [449.6° F.], and those of Magnus from 
-6.6° [20.12° F.] to 104.6° [220.28° F.]. Now there exist other 
recent experiments which extend to t=365° [689° F.], a value of 
the temperature which plays an important part, as we will show 
later, in the theory of the steam. The first experimental series is 
due to C a i 1 1 e t e t and C o 1 a r d e a u,^ the second is due to 
B a 1 1 e 1 1 i ; both series agree sufficiently well up to t =200° 
[392° F.] with Regnault’s results; from there on, as the fol- 
lowing arrangement shows, they exhibit some discrepancies which 
are probably due to difficulties of observation. The second and 
third columns give the pressure of saturated steam in milli- 
meters of mercury; pc are the values according to Cailletet 
and Colardeau; ps the values according to B a 1 1 e 1 1 i. 


Temperature: 

C. 

Pressure : 
pc. 

PB‘ 

200° 

11628 mm. 

11625 mm. 

225 

19076 

19124 

250 

' 29792 

29951 

275 

45144 

48816 

300 

65512 

67620 

325 

92416 

94112 

350 

127300 

126924 

365 

152380 

149733 


‘Magnus, “Versuohe iiber die Spannkrafte des Wasserdampfes,” Pog- 
gendorff’s Annalen, Vol. LXI, 1844, p. 225. 

2 C a i 1 1 s) t e t and Colardeau, “ Nbuvelle m^thode de determination 
du point critique. Application de cette m^thode au cas particulier de Feau 
et k le recherche de .la loi- des tensions dela vapeur d’eau saturde. Annales de 
Chimie et de Physique, 1892, 16th Series, Vol. XXV, p. 519. 
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and logiopo =7.94400 [6.73917], provided p is expressed in milli- 
meters [inches] of mercury. 

Exactly this relation (40) has recently been given by B e r - 
t r a n d,’- who doubtless did not know of Herrmann’s work, 
but the former maintains that the exponent s may be taken through- 
out as « =50 for the vapors of water, ether, bisulphide of carbon, 
chloride of carbon, carbonic acid, ammonia, sulphurous acid, and 
sulphur, while Herrmann, as we know, says that the constant 
may be taken the same for all vapors. Shortly afterward Ber- 
trand developed ^ an equation of the pressure curve of a different 
form ; in this he started, as Rankine did, by assuming that 
the latent heat could be represented by r =a — /JT, but that it would 
be more correct to use in place of pu=BT the expression 

pu=-=B{T + To), 

wnere To represents a constant. The last-given relation has been 
frequently proposed by others, but it by no means agrees with the 
xesults of more exact calculations — always with the proviso that 
■we stick closely to Regnault’s experimental results. 

Now the substitution of the given formulas in equation (23) 
leads Bertrand to an expression that can be integrated, but 
gives a very complicated and very inconvenient formula, which 
■would hardly be used even if it were better established than is the 
case. 

Similar unsuccessful efforts, like those indicated, to 
get the true form of the equation of the pressure curve of satu- 
rated vapors, with the help of Clapeyron’s equation, Rave 
been made by others, but we will here omit further reference to 
them, touching the problem again later on. 

So long as this relation cannot be found in a purely theoretical 
fashion it is advisable, for the purpose of more exact numerical 
■computations, to hold fast to Regnault’s formulas, which, 
on account of their great number of constants, after all best repro- 
duce the results between the wide limits covered by the experi- 
ments. 

‘ Conaptes rendus, 1887, Vol. CIV, p. 1568. 

> Ibid., Vol. CV, p. 389. 
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(d) Emil Herrmann’s Formula. 

If we examine the values given in Col. 9 of my steam tables 
(Tables la to 7a of the Appendix) it will be seen that these increase 
approximately with the temperature, so that we may write 

where a and ^ are constant quantities which are easily determined 
from the tables, for each kind of vapor. 

According to equation (23), p. 30, therefore, 

T dp 1 
p dt piT—a)' 

The integration is readily effected, and we get for the equa- 
tion of the pressure curve 



in which po represents a third constant and the exponent e of 
the right member is determined by 

* a/?‘ 

Equation (40) is the relation given by Emil Herrmann.^ 
He finds, not only for the vapors adduced in the Appendix of this 
book, but also for a series of other vapors, that the constant a is 
the same for all these vapors and that its value is a =85.8°. 
Herrmann also gives numerical values for e and pa, and 
shows that for the vapor of water in particular the formula repro- 
duces very satisfactorily the experimental results of Regnault 
between the wide temperature limits of —32.84° to -1-210° [—27.11° 
to -f410°]; he finds, especially for the vapor of water, s=44.6 


'Emil Herrmann," Kompendium der mechanischen Wannetheoiie.” 
Berlin, 1879, p. 133. 
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from pv = BT, and if the relative weight of the vapor, with respect 
to air, is designated by s, we have v=ss, the combination of these 
formulas gives 


dp re dt 


(3%) 


The equation can be integrated when re is known as a func- 
tion of T; now r diminishes with increasing temperature while s 
increases (see table, p. 35); therefore it seems possible that re 
may be treated as constant. If we accordingly make 


re 


AB' 


-a. 


the integration of equation (396) gives equation (39a), the con- 
stant of integration being represented by log^ po; on the other 
hand we also get, when pi represents pressure corresponding to Ti, 



re 

^IB 


(Ti-T) 

TTi 


(39c) 


If we substitute what is at least approximately true for the 
vapor of water, 

r=^d-^T, 

where d and /? are constants to be determined, we can also write 


log. 


El 

V 




■T) 


'AB' 


TTi 


. (39fi) 


and that is the form in which Pictet has given it. The above 
equations (39a) and (39c) prove themselves unserviceable, and 
the reason is that re can by no means be regarded as constant, and 
a closer examination shows that it is not constant. To be sure in 
setting up his formula he does not expressly assume this, but 
without it his formula cannot be at all brought into harmony with 
that of Clapeyron. Moreover, Pictet maintains that 
his formula is valid for a 1 1 volatile liquids. 
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Unwin gives (elsewhere) the constants for several kinds of 
vapors and shows by the numerical results that his formula also 
very well reproduces Regnault\s experimental results, and 
does it between wide temperature limits ; at any rate Unwinds 
formula is also to be regarded as an empirical one; as regards the 
exponent n, it is to be taken equal to 1.25 for the vapor of w^ater, 
1.29 for alcohol, 1.153 for ether, 0.69 for mercury, and 0.77 for 
carbonic acid. 


(c) Raoult Pictet’s Formula. 

If in Unwin’s formula (equation 39) we make n=l and 
suitably change the remaining constants we shall get 


= 

and this is the formula which P i c t e t ^ has given as valid for all 
vapors and presented as established theoretically; it was given by 
him in much simpler form and involved an additional assumption 
which will be mentioned later. But S z i 1 y ^ has called attention 
to the fact that during the derivation assumptions were made 
which, strictly speaking, cannot be regarded as permissible. 
Pictet in later works made use of his formula which led to lively 
discussions that will be touched upon later, and from the results 
of his computation drew far-reaching conclusions, so that we are 
justified in examining more fully the development of the formula. 

If in C 1 a p e y r 0 n ’ s equation (22), p. 29, we take the 
generally permissible step of replacing the value u by the specific 
volume s of saturated steam, then 



Now for atmospheric air of the same temperature and of the 
same pressure we can calculate the specific volume v of the air 


‘ Comptes rendus, Vol. XC, p. 1073, 1880. 
^ Journal de Physique, Vol. IX, 1880. 


CLAPEYRON’S EQUATION. 


43 


and from this we get 

•L 

logp=a-^-clog!r, (38) 

the formula of R a n k i n e, in which the constants a, b, and c 
are directly determined from the pressure experiments and not 
from the constants a, and B. The very method of deriving the 
formula shows that it can only be regarded as an empirical one. 

But Guldbergi shown that when the constants, calcu- 
lated by him for the vapor of water, of ether, and of bisulphide of 
carbon are employed, this formula reproduces excellently Reg- 
n a u 1 1 ’ s experimental results. 

As no use will hereafter be made of this formula, the reader is 
referred for the value of the constants to Guldberg’s afore- 
mentioned article. 

(6) Unwin’s Formula. 

Unwind found that the values of Col. 6 of my steam tables 
(Tables la to 7a of the Appendix) are reproduced with sufficient 
accuracy by the relation 

/a\” 

provided a and n are constants corresponding to a given vapor. 
The integration of this expression then gives for the equation of 
the pressure curve 

(39) 

in which po represents a third constant. With the help of equation 
(23), p. 30, there also follows the relation 

r , po 

•Quid berg, “Uber die Zustandsgleichung der Kbrper/' Zeitschr. des 
Vereins deutscber Ingenieure, VoL 12, 1868, p. 676. 

^W. 0. Unwin, “The Relation of Pressure, Temperature, and Volume 
in Saturated Vapors,” Philos. Magazine, Vol. 21, 1886, p. 299. 
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other, as in Fig. 3, we see at once that the connection between the 
curves is by no means so simple as the one just presented. 

The results of the calculation of r :w for like pressures are con- 
tained in the following tabulation and likewise show great variation ; 



Values of — for Steam Pressures of 

Vapors 


u 



1 

5 1 

j 10 Atmospheres 

Water 

325.20 

1374.9 

2534.7 

Ether 

267.85 

1094.5 

2035.9 

Alcohol 

340.68 

1407.8 

2518.5 

Acetone 

275.44 

1127.2 

2012.5 

Chloroform 

269.97 

1085.4 

1917.2 

Chloride of Carbon 

257.63 

1042.8 

— 

Bisulphide of Carbon.. . 

252.80 

1033.2 

1854.0 

Mercury 

282.13 

1225.8 

2250.3 


The values in the same vertical column are by no means to be 
taken' as equal, the variations being so marked that they certainly 
cannot be ascribed to errors of observation. 

Another use has recently been found for C 1 a p e y r o n’s 
equation, particularly for equation (23) derived from it, namely, for 

r T dp 
Avu p dt ’ 

with this help the effort has been made to derive the equa- 
tion of the pressure curves of saturated va- 
pors. We will here refer to a few of these efforts. 


(a) Rankine’s Formula. 

If, according to Clausius, we allow ourselves to assume 
that, for the vapor of water in particular, the latent heat 
r may be assumed to be 

r=a -^T 


and permit ourselves to make use of the formula for g^es pu=‘BT, 
then the above equation gives 


dp 

7 


(cc-m 

ABT^ 


dT, 
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If, as was clone in Fig. 3, we draw the pressure curves for the 
different kinds of vapors, then at the points of equal pressure the 
corresponding tangents pass through the common point c, and 
substitution of the value r:u==f{p) in ClapeYron's equa- 
tion (22) gives 

m-AT*. 

or 

dT dp 

~ Wr 

If we designate the integral of the right member by F(p), which 
function is again, let us say, the same for all vapors, we get 

logc T=F(p) +C. 

If, for another vapor at the same pressure, the temperature were 
T', then there would follow for this vajKjr 

hg,r=F(p)^C', 

and by subtracting these equations 

log,^=C-C", 


or, expressed in words, ''‘with two kinds of vapors the ratio of the 
temperatures is a constant quantity when the corresponding 
pressures arealike.” The pressure curves I, II, etc. (Fig. 3),cor- 
rc,sponding to the different kinds of vapor will then stand in a 
very simple relation to each other; if the pressure curve were 
drawn for o n e kind of vapor, then the corresponding curve of a 
second vapor could at once he drawn, provided the given ratio 
were known for this scconrl curve. 

But more exact examination of Despretz’ proposition 
shows that all the preceding, derived results are only rough approxi- 
mations, for if we draw, according to Regnault’s experi- 
mente, the pressure curves of the different vapors adjacent to each 
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therefore designate p-Au as the internal pressure and p as the 
external pressure. 

The following is worthy of remark. Since it is approximately 
identical with the specific volume s of the saturated steam, the 
ratios r:ii and p\u respectively represent the total latent heat and 
the inner latent heat per unit of volume of the vapor. 
According to the tables of the Appendix, like the pressure p itself, 
these values increase rapidly with growing temperature, and if we 
compare them for the different vapors with each other, at the 
same pressure, they will be found to differ but little. 

For example, for the vapor of water (Table la), wdien 
p=354.62 mm. [13.9615 in.], we get r:'i^^=162.95 [18.31], and for 
the vapor of alcohol, when p =350.21 mm. [13.788], we 
have r:tt = 168.24 [18.90]. 

Likewise, at equal pressures the values 


I 

u 


and 


p dt 


prove to be approximately equal, as is evident from the above- 
given connection between these formulas. 

If the relations given above were exactly correct we could 
regard the value rtit as the same function of t li e 
pressure p for all vapors, and could put 



or, approximately, rr=/(p), where /(y) would be simultaneously 
valid for all vapors. 

For equal pressures the latent heats of the several vapors would 
be inversely proportional to their specific weights, or 

the generation of a cubic unit of steam under constant 
pressure would require the same heat quantity at this pressure 
with all kinds of vapors. 

In most of the text-hooks on Physics attention is called to this 
proposition given by Despretz (1823). 
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gives the result that the distance be represents the value 

r 

Au 

From the relation r=p '\-Apu we then get 



An Au 

which quantity is represented by the distance ^ (Fig. 3) and can 
be computed from the equation 

P nAV 

(S5) 

In this 'way the quantities considered ha-ve beea determined for 
column 8 of the Tables la to la of the Appendix. 

Differentiation of the last equation with respect to i, moreover, 
gives 

■ w 

while from equation (35) directly follows^ 



The two values r.'Ait and p\Au are functions of the pressure p» 
but now appear here, in Fig. 3, directly as pressures, and we can 


‘If, as was suggested on p. 36, -we substitute in equation (37) simply 

pu**By, we get 

l-sr’i (!<«.£,). 

The expression on the right-hand side can be found in the classical investiga- 
tions of K i r c h h 0 f f (Pogg. Ann., Vol. CIII, p. 202, and VoL CIV, p. 612) 
and likewise in C. Neuinann, ‘^Vorlesungen iiber die mech. Theorio dei 
Wtone,” Leipsic, 1875, p. 188. — ^The expression represents nothing but the 
inner latent heat measured in units of work. Ilie assumption pu^BT 
like the preceding expression, cannot be entertained, however, so long as R e g* 
nault’ s experimental results on the. latent heat r of the vapor of wate> 
inspire the confidence which has thus far been vouchsafed to them. 
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pheres) [pounds per square inch], then we must substitute in equa- 
tion (34) a = 0.5875 [0.00303] and must again make n=0.9393. 
For the course of the upper limit curve we must put iu equation 
(33) /i = 1.0646 and 0=1.7617 [480.145]; however, it is sufliciently 
accurate to write 

If the need should arise to possess such an auxiliary formula 
for the other vapors given in the tables of the Appendix, then the 
values of p and n there given can be employed to derive such a 
formula, which perhaps may prove to be of the same form. 


§6. CLAPEYRON’S EQUATION. 


If, in Fig. 3, we lay off the absolute temperature T as abscissa 
OT and the corresponding pressure p as ordinate, we get at a one 
point of the tension curve of the saturated vapor considered. If 
we draw a tangent at the point 'a of the curve, prolong it to its 
intersection c with the axis of ordinates, and pass horizontally over 
from a to the point I, then, on the one hand, the angle a of the tan- 


T 



gent is given by 


tan a = 


dp 


and on the other hand by 

.E. 

db' 


tan <K = 


As the distance cb measures 
the value T we get, from the 
combination of the two for- 
mulas. 

Comparison with Clapeyron’s equation (22), p. 29, 
namely, with 
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the matter because, as still frequently happens in physical in- 
Testigations, the assumption mentioned is regarded as permissible. 

For technical investigations it is desirable to possess formiolas 
from which the specific weight of saturated vapors can be computed 
rapidly and with sufficient accuracy, for the corresponding tables 
are not always available, and calculation in the way given above 
is very troublesome. 

I have found for the vapor of water that within pres- 
sure limits ordinarily occurringin engineer- 
ing the equation of the upper limit curve didd^, Fig. 1, p. i, can 
be very simply represented by 

psM^C (33) 

If the pressure is given in atmospheres (10333 kg. per sq. m. 
[2116.3 lb. per sq. ft.]) then we must put /t = 1.0646, and for the 
constant C of the right member we write the value 1.7049 [32.670]. 

If, in the preceding equation, we replace s by lip, we get 
for the direct calculation of the specific weight p of the vapor of 
water 

7 = ap", (34) 

in which formula we must substitute a =0.6061 [a =0.037837] 
and 71 = 0.9393, provided p is expressed in atmospheres. How 
accurately this formula i eproduces the values of which arc given 
in Table 11 of the Appendix, is shown by the following tabulation: 


p 

A-tmosph. 

r 

P 

Atmosph. 

r 

Eq. (34). 

Table 11 
if Appendix. 

Eq. (34). 

1 Tabic 11 
of Appendix. 

0.5 

0-316 

0.315 

6 

5.262 

3.263 

1 

0-606 

0.606 

S 

4.274 

4.274 

2 

1-162 

1.163 

10 

5.270 

5.270 

3 

1.701 

1.702 

12 

6.255 

6.254 

4 

2.229 

2.230 

14 

7.229 

7.228 


If the steam, pressure p is not gven in atmospheres, but in 
kilograms per square centimeter (new atmos- 
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In order to show how the diflerent vapors behave at the 
ordinary temperature of boiling (at evaporation 
under atmospheric pressure) use may be made of 
the following tabulation. In calculating it, the values of the 
temperature at atmospheric pressure were taken from the table 
on p. 18, line 1, while the external latent heat A-pu was computed 
from formulas (27), on p. 32, with the exception of the value for 
the vapor of alcohol, which was found by interpolation from Table 
U. 

If we regard the equation of condition of gases as valid, then, 
because the specific volume a of the liquid is very small, and can 
be neglected in many cases, we can write 

A'p%=ABT, 


and then, according to equation (23), 




•p dt ' 


(S2> 


Saturated Vapors of 

Values of 

Specific 

Weight 

1 

i ^ 

Relative 
Weight e 
Referred 
to 

Hydrogen. 

Apti 

% 

a 

for atmospheric pressure. 

Water 

40.20 

L.6495 

0.0010 

0.606 

9.24 

Ether 

8.25 

0.3385 

0.0013 

2.943 

37.06 

Alcohol 

15.33 

0.6291 

0.0013 

1.586 

22.79 

Acetone 

11 .45 

0.4698 

0.0012 

2.123 

28.59 

Chloroform 

5.51 

0.2261 

0.0006 

4.411 

60.10 

Chloride of Carbon 

4.39 

0.1801 

0.0006 

5.534 

79.10 

Bisulphide of Carbon 

8.18 

0.3356 

0.0008 

2.973 

38.82 


For vapors for which no observations on the latent heat r exist, we 
can calculate such observations with the help of the curve of pres- 
sures; but the values obtained must be regarded as only rough 
approximations. For the vapor of water in particular, 
results are obtained which deviate extraordinarily from the ex- 
perimental results of Regnault. Attention is here called to 
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In the two tables 11 and 12 given for the vapor of water 
the quantity u is determined from the relation 


u = 


Apu 
A-p ■ 


(31) 


If saturated vapor of water were really subject to the 
equation of condition of gases, we would have to (according to 
the statements on p. 114, Tol. I) put .B = 46.954 [5=85.583] and 
•compute its specific weight according to equation (29). 

In order to compare the results of the newer and the older 
method of computation, use may be made of the following tabula- 
tion; the experiments by Fairbairn and T a t e , ^ moreover, 
sufficiently confirm the values obtained for y by employing 
Clapeyron’s equation (22). 


1 

Pressure of satu- 
rated vapor of 
water in atmos- 
pheres. 

2 I 

Specific 

According to Cla- 
peyron’s equation. 
See Table 11, 
Appendix. 

3 

Weight Y 

According to the 
older method of 
computation. 
Equation (29). 

4 

£ 

0.1 

0.0687 

0.0690 

0.6211 

0.5 

0.3153 

0.3102 

0.6336 

1 

0- 6059 

0.5900 

0.6401 

2 

1.1629 

1.1182 

0.6482 

5 

2.7500 

2.5875 

0.6024 

10 

5.2704 

4.8546 

0.6767 

14 

7.2233 

6.5757 

0.6852 


We see from Cols. 2 and 3 how great the deviations are which 
occur with the higher pressures, i.e., with those used in engineering. 
Moreover Col. 4 gives the relative weight e of the steam with 
respect to air of the same pressure and the same temperature. 
These values increase with the pressure, while, according to the 
older assumption, the value « was taken as a constant and ordi- 
narily taken as s =0.623 for every pressure. 

^ Prac. of the Royal Soc., 1860 , PhiL Mag., 4th Ser., "VoL XIXI. — Civil- 
Engineer, 1860 . — Zivilingenieur, Literatiar- md Notizblatt, "VoU 6, p, 81* 
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N a V i e r ’ s formula. P a m b o u r made the most extensile 
use of it in his Theory of the Steam Engine, -which for many years 
T/as regarded by engineers as an important treatise, and justly so 
from the physical standpoint of the time. 

Of course Navier, Pambour, and others knew that 
relation (30) accurately reproduced the values of equation (29) 
only within certain pressure limits; but the accuracy was increased 
by calculating the constants a and for the vapor of water, both 
for low pressure and for high, a proceeding which is of no u.se at 
the present time because now much higher pressures are employed 
in steam engines than -were then customary. 

The erroneous part of these older methods of calculation con-sists 
in the assumption of the accuracy of equation (29), according to 
■which saturated vapors obey the equation of condition of gases. 

So far as the needs of technical investigations are concerned 
it belongs to the important results of thermodynamics that the 
doubts have been removed which have existed since N a v i e r ’ s 
time concerning the behavior of steam. 

After the real significance of the Carnot function -tv'as 
recognized Clausius was the first to compute, from the 
following three equations, [equations (22), p. 29, and equation ( 1 ), 

p. 6 ;] 


u at’ 


A ^ ^ 

u=^s-Cj and r=-= — — , 


the specific weight of saturated Yapor of water, and to 
reach the cbnclusion that with very small pressures the deviations 
from the results of the older method of calculation were insignificant , 
but that the deviations increased considerably with growing 
pressures. With the steam pressures used in engineering the 
differences are so great that we must finally cease making any use 
of the older procedure. 

In Tables 1 to 10 of the Appendix the values of n are computed 
for different vapors; by adding the specific volume a of the vapor 
in question the specific volume s is easily determined and its 
reciprocal value 7 is the specific weight of the vapor considered 
at the given temperature. 
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But the differences of the values of columns 4 and 5 of Table 
lb of the Appendix show that in exact calculations no use should 
be made of these fornmlas.^ 


§ 5. SPECIFIC WEIGHT OF SATURATED VAPORS. 

In determining the specific weight, i.e., the weight of a cubic 
unit of vapor, the assumption formerly was that the connection 
between pressure, volume and temperature was the same as in 
gases; in other words, the equation of condition for the latter was 
employed in the form 

ps=BT, 

where s represented the specific volume of the dry saturated steam 
and B a constant belonging to the kind of vapor considered. 

The specific weight y is connected with the specific volume 
by the relation 

ys = l 

and hence we have, from the preceding formula, 

(29) 

If we here substitute for the vapor under consideration the values 
of the pressure p, determined by observation for the different 
temperatures, there will result the values of j corresponding 
to the assumed pressures. 

The computations made now show that the specific weight 
y increases very nearly uniformly with the steam pressure, and 
this caused N a v i e r to set up, for the' vapor of water, 
the relation 

+ (30) 

in which a and ^ are constant quantities whose values were 
determined. This relation is known in technical circles as 


^ The tables of the first edition of this book were calculated on the basis 
of Clausius’ formula for the latent heat r and therefore differ from the 
tables of the present issue. 
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and we tlierefoTe' get for the vapor of water, wlien we 
utilize the empirical formulas adduced in (16) and (25), 

Apu=S1.10-\-im6t-q (26a) 

[Apu = 55,98 A 1.0% {t~32^)-ql 

In the two main Tables, 11 and 12 of the Appendix, for the 
vapor of water, the values of Apu and p are computed according 
to the preceding formulas instead of formulas (23) and (19). 
Moreover we get for the direct calculation of the external latent 
heat the following formulas: 


Saturated Vapors of 


External Latent Heat Apu = r 


-p. 


Water 

Ether 

Acetone 

Chloroform 

Chloride of Carbon.. . 
Bisulphide of Carbon.; 


A = 3 1 . 1 0 -H 0 . 096 i - 0 . 00002 i ^ - Q . 0000003 1 ® 

= 7. 46+0. 027 47 1-0. 0001354 

- 8 . 87 + 0 . 06185 ^- 0 . 0002845^2 

= 4. 56+0. 01797 i-0. 0000367 i2 (27) 

= 3.43+0.01671t-0.0000546i2 

- 7.21+0.02524i-0.0000918P 


Saturated Vapors of 


External Latent Hestt Apn — r—p. 


Water 

Ether 

Acetone 

Chloroform . 

Chloride of Carbon.. . 
Bisulphide of Carbon. 


Ap'w = 55. 98 + 0. 096 -0.0000111 

-0.000000093 

= 13.43 + 0.02747 (i5- 32°) -0.0000752 (^-32°)2 
= 15.97 + 0.06185 (^- 32°) -0.0001 581 (i-32°)2 
= 8.21-1-0.01797 (t- 32°) -0.0000204 (^-32°)2 
= 5.814-0.01671 (i- 32°) -0.0000303 (^-32°)^ 
= 12.984-0.02542 (^- 32°) -0.000051 (^-32°)2 


In physical investigations there is often used for calculating 
the latent heat for the vapor of water an approximate formula 
which was proposed by C 1 a u s i u s , namely, 

r =607 - 0.708 t (28) 

[r=1092.6-0.708 (i-32°)J. 

Therefore we have 

.4yu=T— /) = 31.6-f0.083t . . 

[.4p«=r-^=56.88-f 0.083 (t-32°)]. 


. . (28a) 
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ber of empirical formulas any more than is absolutely necessary. 
I have only developed from the tabular values the formulas for 
the inner latent heat p, given in the following tabulation 
and reproducing these values with sufficient accuracy. 


Saturated Vapors of 

Inner Latent Heat. 

Water 

I ^ = 575.40-0.791^ 


Ether 

= 85.54 - 0.10648 2-0. 00071 60 f* 

= 131.63-0.20184 2-0.0006280 2* 

= 62.44-0.112822-0.00001402* 

= 48.57 - 0.06844 2 - 0.00020802* 

= 82.79 -0.114462—0.00040202* 


Acetone 


Chloroform 

(25) 

Chloride of Ca^rbon. . . 
Bisulphide of Carbon. 

Saturated Vapors of 

Inner Latent Heat p. 


W ater 

Ether 

Acetone 

Chloroform 

Chloride of Carbon. . . 
Bisulphide of Carbon. 


/)=1035. 72-0.791 («-32°) 

= 153.97 -0.10648 («-32°) -0 .000398 (4-32°)’ 
= 236.93 -0.20184 (t -.32°) -0 .000349 ((-32°)* 
= 112. .39 -0. 11282 (< -32°) -0.0000078 ((-32°)* 
= 87.43 -0.06844 (<-32°) -0 .0001 16 ((-32°)* 

= 149.02 -0.11446 (< -32°) -0.000223 ((-32°)* 


In combination vith the formulas given under (15) and (16) 
tlie preceding expressions "will give us in the relations 


Apu—r—p 

a,nd 

J=q+p, 

empirical formulas for these magnitudes. 

It is worth noting that the vapor of water in particular has 
a very simple expression connecting p •with the temperature; the 
great accuracy of the formula in question is evident from the 
equality of the differences in the values of Column 7, Table lb of 
blue Appendix. 

The combination of equations (13) and (19) gives the external 
latent heat 


Apu= k-q-p, 


(26) 


30 


TECHNICA-L THERMODYNAMICS. 


The equation comes from Clapeyron (1834), but in his for- 
mula AT is replaced by the temperature function Cwhich iras desig- 
nated above as the Carnot function (see Vol. I, Remarks, 
p. 130). On the basis of the then known values of the latent 
heat r of different vapors, and under the assumptions which at 
that time were made concerning the specific volume of vapors, 
Clapeyron calculated the value of the Carnot function 
for different temperatures. 

After the true relation of the Carnot function to the tem- 
perature had been recognized and after the more exact experi- 
ments of Regnault on the latent heat were known, the pro- 
cedure of Clausius was followed and the formula was re- 
versed for a more exact determination of the values of u, a ciuestion 
to which we will return later. As the formula will occasion special 
investigations in other directions, we will, for ease of reference, 
designate it hereafter as Clapeyron’s equation. 

Por the purpose of the investigations contained in this article, 
we get, by dividing both sides of equation (22) by Ap, 


jr T_^ 

Ap% p dt ’ 


(23) 


and can then compute the value 4>, where 

Apu, 

r <*• * 


(24) 


For vapors for which r is known as a function of the tempera- 
ture there can then be computed from the preceding formulas 
the. values Ap%, p, and J for every temperature. 

The corresponding columns of Tables 1 to 9 of the Appendix 
were computed according to the preceding formulas and, beyond 
the headings of the several columns, need no further explanation. 
For the utilization of the tabular values, particularly for technical 
purposes, it is essential, however, that empirical formulas should 
be established for the heat quantities J, p, and Apv,, so that these 
quantities can be rapidly calculated with sufficient accuracy. 

As in this book we stick strictly to Regnault’s results 
for the heat quantities 1 and g, I do not wish to increase the num- 
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because in this case u is constant; in so doing the quantity dx of 
the liquid is converted at constant pressure into steani; so that 

dQ = rdx, 

and hence from combination with the preceding equation wo got 

dQ = ^-dv ( 21 ) 


For this quantity of heat we can find another expression fr-oru 
the fundamental equations given earlier. 

From the second set of equations under Ula (VoL I, p, 02), 
which is valid for all bodies^ nanioly, according to 

dQ=^~[Xdl + Tdvl 

dp 

we get 

Ar 

dQ^-^dv, 

dp 


because here it is assumed that heat is impartcul umh^r c.orislant 
temperature. 

In the present case the tcrnperat/urn is only a fuiicttion 
of the pressure p, hence the reoiprocal value of the p.-irtinl (lilha’- 

ential coefficient ^ can be written in the form ami w(! Ket 

dQ = AT^dv. 


^ The combination of this equation with equation (21) t licri 
brings us to the relation 


r 

tc 



( 22 ) 


ia which T represents the absolute temperature. 

This equation constitutes the most inoportant and 
promin cut result thus far brought about by therriQocJy'"’ 
naniics in its investigation of the behavior of saturated vapors. 


1^ 0 
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quantities together give the total latent heat, or simply the latent 
heat. The inner latent heat p states how many in ore 
units of heat are contained in a unit of 
weight of saturated steam of given pres- 
sure than in the unit of weight of liquid o } 
the same tern per at n r e. 

Combining the two preceding equations (18) and (19) we get, 
with the help of equation (13), the relation 

Jf=:q-\~p ( 20 ) 

I introduced the two quantities J and p into the theory of 
heat not only because all the formulas bearing on the behavior of 
saturated vapors took on a simpler form, but because these iiiag- 
nitudes had a more general significance than the quantities A anti r. 

The steam heat J and the inner latent heat p are both inde- 
pendent of the manner in which the steam has been formed 
from the liquid, while in using the total heat A and the latent heat 
r it must be expressly kept in view that they are only valid when 
evaporation or condensation, as the case may be, has taken place 
under constant pressure. 

■ If we succeed in determining a single o n e of the three heat 
quantities J, p, and Apu, as a function of the pressure or of the 
temperature, then the two other values are also determined by 
the preceding formulas. 

Thermodynamics gives us the means of establishing a relation 
for the calculation of the external latent heat Apu. 

For this purpose let us suppose a unit of weight of a mkture 
of a vapor and liquid in which r kg. [lb.] of steam are mixed with 
(l-o;) kg. [lb.] of liquid, then the volume p, belonging to the point 
c (Tig, 2), is, according to equation (2), p. 6, 

v^xu+'O, 

If we supply the heat quantity dQ to this mixture, at con- 
stant temperature, the volume will increase by the 
amount 


dv=vdx, 
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^^presenting the 'work in question by 

L=pu. 

> 

^ Fig. 2 the value u is measured by the distance M, and may be 
^'^'garded as a still to be determined function of the pressure p or, 
we ■wish, of the temperature t. 

As production of -work is accompanied hy a disappearance of 
^ C3at, the unit of work corresponding to the heat quantity A, 

AL — Apu (17) 

^^jorescnts the quantity of heat converted into work when a unit 
weight of <lry .saturated steam is formed under constant pres- 
or, conversely, represents the heat quantity generated 
dry steam is condensed at constant pressure. 

If the .steam is formed at 0° C. [32° F.] temperature, the total 
*^c>at is A; therefore of the total heat supplied, only the heat quan- 
^-ity (A-Ap-n) remains behind in the steam. If this remnant is 
'^^o.signated by J, we get the relation 

J ^l-Apu (18) 

This heat I call the "steam heat”; it states how 
i'l any more units of heat are contained in a 
I II it of weight of saturated steam at a cer- 
i n pressure than in the unit of -weight of 
i u i (1 oj 0° C. [32° F.] temperaitire. 

On the other hand, if the liquid at the beginning of the steam 
cor- Illation already posses.ses the corre.sponding temperature I,. 
hi O’: heat quantity necessary to transform it, at constant pressure, 
rito .steam is measured hy the latent heat r; accordingly the 
'difference [r—Apu) again represents the quantity of heat remain- 
behind in the steam, or consumed in the interior in forming 
steam- Designating this difference by p we get the relation 

f=r—Apu (19) 

I call the value jothe “inner latent heat” and correspond- 
jg'ly value Apu the "external latent heat the two heat 
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presentations on the efflux of highly heated liquids; the result 
of these calculations is that Eegnault’s method of proce- 
dure is permissible, if we accept the invariability of the specific 
volume of water or, to speak more exactly, acknowledge that it 
varies but slightly. 

Later experiments by E i r n, also by Pfaundler and 
Platter, indicate, however, that the specific heat of water 
grows more rapidly with the temperature than is the case in the 
above-mentioned statements by Regnault. 

Nevertheless, in the present book we will hold fast to R e g - 
nault’s statements. 


§ 4. STEAM HEAT AND THE INNER AND OUTER 
LATENT HEAT. 


The empirical formulas just adduced, which Regnault 
has given for calculating the total heat and the latent 
heat, are valid under the express proviso that the steam was 
generated under the constant pressure p and under 
just that pressure which corresponds, according to the law of 
tensions, to the assumed temperature. 

During the passage from the liquid to the vapor condition 
work is produced, because of the increase of volume 
from <T to s (Fig. 2), which is represented 
by the area of the rectangle a bds. If we 
represent this work by X we get at once, 
for the present case. 



L=p(,s — (t). 

As the two magnitudes s and a occur in 
the following formulas in the form of their 
difference, we will follow the practice of 
Clausius (as was done in deriving 
equation (2), p. 6) and make use of the simpler notation 


■W = S — (T, 
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Up to i=100° [212°] vie can regard <7=0.0010 as constant. From 
here up to 200° [392°], or up to the corresponding steam pressure 
of 15.4 atmospheres, the increment of tr is so small that it is per- 
missible, in general, to regard the increments of volume of 1 i (p u i d 
v a ter 'as also negligible up to the given pressure limit, in eorn- 
parison with the changes in volume experienced by their vapors 
v’hen the pressures and temperatures change. This assumption is 
also made as regards the other liquids treated in the following 
investigations; it is therefore assumed that the volume a 
of a unit of weight of liquid is a constant 
quantity whatever temperature the liquid may 
possess and whatever the pressure to which it 
may be subjected; or presenting it in another way, the 
two curves 61662 and aim 2 (Fig. 1) are regarded as coinciding with 
the vertical line. We must at once add the remark, however, that 
this assumption is only permissible between certain temperature 
and pressure limits; in all the following investigations, therefore, 
it is tacitly a.ssunied that these limits are not exceeded during the 
course of the cycles investigated. 

In connection with the preceding statements we mnst not fail 
to refer to the fact that the manner in which Ilegnault com- 
puted from his experiments the heat of the liquid q and its specific 
heat c involved a tacit assumption of the invariability of the 
specific volume of the liquid. If this assumption is not granted, 
then we must doubt the accuracy of the empirical formulas given 
by Regnault for the heat of the liquid. He did not at all 
observe the quantity of heat required by a liquid in order to bring 
it at constant pressure from the temperature 0° [32°] 
to the corresponding temperature t of evaporation, nor did he 
observe the quantity of heat which must be withdrawn during a 
reversal of the operation ; what R e g n a u 1 1 did in his expe^ri- 
ments with water was to let a certain quantity of water flow from 
a little steam boiler, under the steam pressure prevailing in the 
latter, into a calorimeter filled with cold water and to observe the 
rise of temperature which the liquid there, under atmospheric 
pressure, experienced. The occurrence taking place here is a com- 
plicated one, but can be pursued by means of our subsequent 
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larger manuals of Physics, shows that the determination of the heat 
of the liquid q in particluar^ and hence also of its specific heat 
took place under assumptions which were not completely realized. 

In Fig. 1 , p. 4, the curve aiaa 2 represents the relation between 
the pressure and volume of the liquid at constant temperature 
0 ^ C. [32^ F.]; that this curve approaches the axis of ordinates OY 
with increasing pressure, as indicated in the figure, is indubitable; 
on the other hand observations have shown that the decrements 
of volume of liquids, particularly of water, under constant tem- 
perature but with increasing pressure, are negligible in comparison 
with those which occur with the final steam formation. Conse- 
quently the curve aiaa 2 (Fig. 1 ) can be regarded as a vertical 
line; in other words, within the limits of pressure occurring in 
engineering the specific volume oq of the liquid at 0® C. [32^ F.] 
can be regarded as independent of the pressure. 

The second curve 61662 (Pig. 1), the lower limit curve, gives the 
relation which exists between the pressure and volume of the liquid 
when its temperature corresponds exactly to the pressure at which 
the beginning of steam formation is possible. It may be safely as- 
sumed that this curve, as the figure shows, departs from the axis of 
ordinates as the pressure grows; we will come back to the question 
later, when investigating the equation of condition of vapors. 

We may conclude with Him that within the ordinary pres- 
sure limits water, in particular, experiences an extraordinarily 
small increase of specific volume a with growing pressure. 

Let t be the temperature, a the corresponding specific volume 
of water, and let ao be its specific volume at 0° C. [32° ’F.], 
then Hirn’s statements are reproduced by the following em- 
pirical formula : 

-hO.00009 ^+0.0000034 P) 

[(T- (TO {1+0.000005 32°) +0.00000105 {t-32y]l 


From it we get for cq = 0.001 [0.01602] at 


f= 100 ° 

(7=0.00104 

"/= 212 ° 

a=0.0167cu. ft.“ 

125 

=0.00106 

= 257 

= 0.0170 

150 

=0.00109 

= 302 

=0.0175 

175 

. = 0.00112 

il 

CO 

=0.0179 

200 

=0.00115 

L =392 

=0.0184 
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With the help of the preceding dstta and using equation (13) 
■we find from r = A -~2 the following empirical formulas for the 
direct calculation of the latent heat (heat of eYaporation) : 


Sa^turated Vapor of 

Latent Heat. 

Water 


Etlier 

= 94.00—0 07901 1—0, 0008514 


Acetone 

= 140.50— 0.13999f— 0.0009125 

(16) 

Chloroform 

= 67 . 00-0.09485 1 -0 .0000507 t' 

= 52. 00-0.05173 i-0 .0002626 
= 90.00-0.08922 ( -0 .0004938 i* 

Chloride of carbon . . . 
Bisulphide of carbon. 

1 

Saturated Vapor of 

Latent Heat. 

Water 

r= 1091 .7 -0 .695 0-32°) -0.000011 

-0.0000001 

— Tno <> n n7Qru 

(7-32°)* 

(7-32°)* 

Ft Vi ft r 

Acetone ' 

= 252.9-0.13999 (f-32'>3 -0. 00050697 (<-S2^P 
= 120.6-0.09485 ((-32°) -0.00002820 (7-32°)* 
= 93.6-0.05173 (i— 32°) -0.00014586 (7-32°)* 

= 162.0-0.08922 (i-32'>)-0. 00027436 (7 -32°)* 

Chloroform 

Chloride of CEurbon. . . 
Bisulphide of carbon. 


According to the forinulas here given the corresponding values.. 
have been computed for the vapors mentioned and inserted in the 
tables of the Appendix. R e g n. a n 1 1 did not set up an empiri- 
cal formula for computing the total heat X of alcohol, because this 
value varied with the temperature in a way that would have led 
to an empirical formula of very complicated form. Therefore in 
the table given for alcohol those values of X were employed which 
were found by Regnault in a graphical way. 

The kinds of vapor presented in the above tabulation are the. 
only ones for which the heat quantities discussed can be com- 
puted from the given formulas, as is required by our subsequent 
investigations; for all other vapors, and especially for the vapors 
of carbonic acid, ammonia and sulphurous acid presented in the 
tables of the Appendix, there exist only a few observations. 

Before making use in the following investigations of the just 
presented, empirical, formulas given by R e g n a u 1 1, it is neces- 
sary to make a few remarks concerning their reliability and range 
of application. Closer examination of Regnault^s experi- 
mental methods, which are repeated in nearly every one of the 
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empirical formulas for calculating the total heat of the? 



Saturated Vapor of 


Total Heat A. 


MoOsliiaSH 







iBiMilSfnnKfsiH 















1 



Saturated Vapor of 


Heat of the Liquid g. 




Water 

Ether 

Alcohol 

Acetone 

Chloroform 

Chloride of carbon . . . 
Bisulphide of carbon. 

g=«+0. 00002 tHO. 0000003 
= 0.52901 < + 0.0002959 P 
= 0.54754 < + 0.0011218 <*+0.000002206 <» 
= 0 . 50643 < + 0 . 0003965 <* 

= 0 . 23235 < + 0 . 0000507 <* 

= 0.19798 < + 0.0000906 <> 

= 0 . 23523 < + 0 . 0000815 <* 




Saturated Vapor of 

Heat of the Liquid q. 

Water 

Ether 

Alcohol 

Acetone 

Chloroform 

Chloride of carbon. . . 
Bisulphide of carbon . 

3=<-32° + 0. 000011 (<-32°)* + 0. 0000001 (<-32°)» 
=0.52901 (<-32°) + 0.0001644 (<-32°)* 

=0.54754 (<-32°) + 0.0006232 (<-32°)* 

+ 0.000000681 (<-32°)> 

=0.50643 (<-32°) + 0. 0002203 (<-32°)* 

= 0.23235 (< -32°) + 0.0000282 (<-32°)* 

=0.19798 (<-32°) + 0.0000503 (<-32°)* 

=0.23523 (<-32°) + 0.0000453 (<-32°)» 



^ Rel. I, 746.— Rel. II, 262. 




HEAT OF LIQUID, TOTAL HEAT, AND LATENT HEAT. 21 


sary for the change of state from a to 5 the heat of the , 
liqu id; and will designate it hereafter by g; this quantity is 
doubtless o nl y a function of the temperature and can be repre- 
sented by the expression 


accordingly the ratio 



stands forth as the specific heat of the liquid at 
constant pressure p and likewise is a function of the tem- 
perature t. On account of the connection established between the 
temperature t and the pressure y in the preceding articles we can 
also regard both quantities q and c as functions of the pressure p. 
Now if the heat supply is continued from the point h on, hence from 
piston position IQ (Pig. 1), steam formation will begin under the 
constant pressure p and will be continued to the point d, belonging 
to piston position Kz, till the last liquid element has passed into 
Tapor; this vapor is dry saturated, the point d lying in 
the upper limit cur^e. The quantity of heat supplied, during the 
period of steam formation along the path bd, hence under constant 
pressure p and therefore also without change of temperature t, is 
called the latent heat, or (according to Clausius) 
the heat of evaporation; hereafter we will always 
designate it by r; it. is likewise a function of the temperature 
or if we wish we may regard it as a function of the pressure p. 
The sum of the two heat quantities q and r we will designate by 
i.e«, 

A-g-f-r, (13) 

which is generally called (according to Regnault) the total 
heat of the steam; it gives the quantity of heat necessary 
to generate dry saturated steam, at constant 
pressure p and the corresponding tempera- 
ture t, from liquid at 0^ C. [32"^ F.]. 

Regnault/ from Ms experiments, derived the following 


iIleLI,726.-~ReL 11,881. 
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§ 5. THE HEAT OF THE LIQUID, THE TOTAL HEAT 
AND THE LATENT HEAT. 

The utilization of the principles of thermodynamics, for the 
investigation of the behavior of vapors, demands not only the 
experimental results discussed above, but also other results which 
have come from observations; these latter observations are of 
such a character that for at least one particular case we can 
decide upon the quantity of heat which is necessary to generate 
saturated vapor from its liquid. 

Existing experimental results of this sort, at least those which 
we will use here, we likewise owe to Regnault; through him 

we knowq for a series of different 
liquids, the quantity of heat 
which is necessary to convert at 
constant pressure p the 
unit of weight of liquid, possessing 
the initial temperature 0° C. 
[32^ P.], into saturated vapor. 

In Fig. 1 (repeated from p. 
4) suppose a unit of weight of 
liquid of 0“ C. [32^ F.] temperature 
to be confined in cylinder AB, to 
the left of the piston position K^; 
let the piston be acted upon from 
without by a pressure of p kg. [lb.] 
per unit of area. Point a gives 
the state of the liquid as regards the volume and the pressure, 
the former being indicated by the abscissa ao, and the latter by 
the ordinate p. 

If heat is supplied to this liquid from without, then, before 
steam formation begins, it will be heated up to the temperature t 
which corresponds to the pressure p of the vapor to be generated; 
in so doing (Fig. 1) the volume of the liquid increases from vq to a, 
and point h, which lies upon the lower limit curve, designates the 
state of the liquid at this instant. I call the heat quantity neees- 
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The law of change of pressure with temperature for the given 
eollection of vapors can be easily shown graphically with the help 
of the foregoing auxiliary table, provided we do as H e g n a u 1 1 
did, lay off the temperature values as abscissas and the pressures 
as ordinates. We then get for each kind of vapor a special curve; 
the separate curves have similar courses and lie alongside of one 
another in. the diagram; if the temperature is laid off from left 
to right, then the pressure curve for mercury will occupy the ex- 
treme right-hand position; the extreme left-hand curve will he 
that for ammonia; much farther to the left, in the neighborhood 
of the absolute zero, would lie the pressure curves corresponding 
to the saturated condition of oxygen, nitrogen, etc., for which 
curves at the present time only a few points have been determined. 
Tor example, von Wroblewski^ gives for o x y g e n at 
atmospheric pressure (more exactly at 760 millimeters of mercury) 
[29.922 in.] the temperature of the saturated condition as —181.5*^ 
C. [-294.7^ F.]; for nitrogen at the same pressure — 193^^ [“315.4® 
P.]; for carbonic oxide gas (at 735 millimeters) [28.937 in.] the 
temperature is “190® C. [“310® F.]. v. Wroblewski gives 
also (ibid.), to be sure only for a narrow range of temperature, 
that is, for a short distance, the course of the pressure curves for 
the vapors mentioned. 

Tor carbonic acid (compare Table 10 of the Appendix) 
Regnault^ gives the temperature as “78.2® C. [108.76® T.] for 
atmospheric pressure (760 rnm.). 

For liquid atmospheric air the boiling point is 
“191® C. [311.8® F.]. 

The question of the liquefaction of Gases will be discussed 
more fully later. 


^ Transactions of the Imperial Academy of Sciences ia Vienna, Vol. 91, 1B85: 
“ tlber den Gebrauch des siedenden Sauerstofis, Stickstoffs, Kohlonoxydes, so vie 
der atmosphUriscIien Luft als KAltemittel.^^ 

and, 
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additional tables^ 11 and 12, the Talues of which are computed for 
equal intervals of pressure. Biotas formula (6) used byReg- 
n a u 1 1 is not reversible, like the other formulas (4) and (5), in 
the sense that the temperature can be computed for the given 
pressure; consequently the determination of temperature was 
found by interpolation; this was also done in the following aux- 
iliary table, which ought to render good service in certain com- 
parisons 

Temperature t (Celsius) for Saturated Vapors of: 


ai & 

t a 


$ 


o 


o 

Xi 

§ 


PI 

o 


s 

2 

,9 

o 


o . 

^ a 
o 


o 

V 

is 

.90 


d 

“S 

o 

B 


^:2 

A o 

CO 


m 

Pm 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 


100.00 

120.60 

133.91 

144.00 

152.22 

159.22 
165.34 
170.81 
175.77 
180.31 


34.96 
55.87 
69.61 
80.21 

88.96 
96.47 

103.09 

109.01 

114.37 

119.39 


78.30 

96.82 

108.83 

117.98 

125.49 

131.91 

137.57 

142.65 

147.28 

151.54 


56.32 

78.03 

92.30 

103.26 

112.30 

120.08 

126.95 

133.15 

138.81 

144.05 


60.18 

82.59 

97.55 

109.04 

118.56 

126.78 

134.08 

140.66 

146,71 

152.34 


76.52 

101.37 

117.91 

130.50 

141.18 

1150.19 

158.12 


46.25 

69.25 
84.46 
96.17 

105.86 

114.21 

121.59 

128.25 

134.34 

139.97 


357.35 

397.32 
423.01 
442.47 

458.33 
471.85 
483.71 
494.32 

504.36 
513.44 


-32.90 

-18.12 

- 8.57 

- 1.32 
4.61 
9.68 

14.13 

18.11 

21.74 

25.08 


- 10.01 

6.69 

17.72 

27.02 

33.28 

39.38 

44.80 

49.71 

54.23 

58,15 


1 

2 

3 

4 

5 

6 
7 
3 
9 

10 


[To convert into Fahrenheit degrees multiply tabular values by* 1.8 and 

add 32°]. 


^ Tables 1 to 7 inclusive and Table 11 of the Appendix; were computed with 
a Thomas calculating machine immediately after the appearance of the 
second volume of Hegnault's work. The second edition of the present 
book, issued in 1866, already con tained these tables, but in the present edition 
the numerical values of some columns differ somewhat from those given earlier 
because then the specific pressure corresponding to one atmosphere was assumed 
equal to 10334 kg., while in the present edition there is taken the more accurate 
value 10333 kg. 

I have in my day undertaken the excessively laborious and time-absorbing 
computation of the tables in the hope that a comparison of the results of cal- 
culation might lead to certain common laws to which saturated vapors of differ- 
ent liquids are simultaneously subject. This expectation has not up to this 
time been realized, although the tables have been much used in the interval 
by others as well as myself. 

Tables 8, 9, 10, and 12 are new ones which have been added, and further 
information concerning their production will be given later. 


per sq. in.). 
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Elements for the Formula 




Saturated Vapors 

Signs of 

Values of 

of 


log {moc^) I 

log (rv3r) 

1 Water ^ ^ — 100® 

-h 

-1- 

~ 1 . 1486877-0. 003274463 \ 

-3. 30694144-0.006864937/1 

1 . VVater. 

4- 

4- 

- 1 . 3971597-0. 001656138 1\ 

- 1 . 4802398- 0 . 005950708 1 

2. Ether 

+■ 

H- 

- 1.3396623- 0. 0031223 i 

-4.461 6390 4- 0 . 0145775 1 

3. Alcohol 

-h 

— 

- 1 . 1720041 -.0. 0029143 1 

-2. 9992701-0. 0590515i 

4. Acetone. 

-f- 

4- 

- 1 . 3268535-0. 0026148 « 

- 1 . 9064582- 0 . 0215592 1 

5. Chloroform 

-1- 


- 1 . 3410130-0. 0025856 1 

-2. 0667124-0. 0131824t 

6. Chloride of carbon.. 

-f- 


-1.861 1078-0. 0002880^ 

- 1.381 21 95- 0. 0050220 1 

7. Bisulphide of carbon 

+- 

4- 

- 1 . 4339778-0.0022372 1 

- 2 . 051 1078- 0 . 0088003 1 

8. Mercury 

4- 

— 

-1.2917974-0.0012438f 

-1. 6177651-0. 0119062i 

9. Carbonic acid 

4- 

— 

-1. 3344869-0.0052911 1 

-1. 7181390- 0. 0089584t 

10. Ammonia 

4- 

zero 

- 1 . 4187347-0. 0035023 1 


11. Buiphurous acid. . . 

4- 

4- 

- 1 . 4402478-0. 0027084 1 

-2. 3669587 - 0. 0120780t 


{t Temperature according to Celsius). ^ 

[For English units aad temperature Fahrenheit, substitute f (t— 32) for ^ and add 
arithmetically 0.2552725 to the first term in both columns]. 


Example. For sulphurous acid we get, according to the preceding 
auxiliary* table, for ^ ==0° C. [32® F.]: 


log = - 1 -4402478 * 0.5597522 - 2 [0.3044797 -2], 
log (71/50= -2.3669587 =0.6330413 ~3 [0.37776S8-3]. 

Hence 

TTza^ =0.0362871 and =0.0042958, 

and therefore 


dp 

pdt 


=0.0405829 


[0.022546]. 


According to the data of the foregoing auxiliary table the pressure p 
of sulphurous acidfori^=0° C- [32® F.] is equal to 1165.05 mm. [48.8095 in.] 
of mercury, or, divided by 760 [29.922], it becomes 1.5330 atmospheres or 
15840 kg. to the square meter [22.53 lb. per sq. in.]; therefore finally we get 

=47.281 mm. or 642.S3 kg. 

[^ — 1.03145 in. or 0.508 lb. per sq. in. And per degree F.J 


TTie values iutrodveed into the first ten tables of the Appendix 
proceed by equal intervals of temperature; but for the technically 
Li^ly important vapor of -water there are added two 
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introduce into the first two columns the, signs belonging to the 
two terms of the right member of equation (10) . 

With the help of the expressions of the following tabulation 
(p. 17), the Talues of 

dp 

pdt 

in column 5, tables 1-9 of the Appendix were computed. These 
values were placed in the tables because they are to play an im- 
portant part, as will become evident later; if we multiply them by 
p, there will result for the different temperature values the cor- 
responding values of the differential coefficient 

dp 


which values are inserted in column 4 of said tables. This differ- 
ential coefficient is there given in millimeters of mercury ; in using 
it in the formulas which are to follow it must be expressed in 
kilograms per square meter [pounds per square inch]. 

We will now illustrate by an example the use of the two auxil- 
iary tables. 


E X a m p 1 e. The pressure of saturated acetone vapor is to be found 
for the temperature ^ = 100° C. [212® F.]; here we get, according to table 
on.p. 14, 

log +-0.5312766-0.0026148 =0.2697966, 

log = -0.9645222 -0.0215592 t = -3.12044-22 


from which follows 


=0.8795578 -4, 


5a'^=1.8612155, 

=0.0007578. 


"Row because a=5.3085419 [a =3.5949482], we get from equation (8), 
taking account of the signs in front of b<x'^ and of 


and 


log/) =3.4465686 
[log p = 1.7329749] 

p =2796.26 mm. 

[p =54.0723 lb. per sq. in.]. 


a result which can also be found in Table 4<i of the Appendix. 
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the relation between the pressure p and the temperature but it 

d/T) 

is also necessary to know how the differential coefficient appear- 


ing in the most important formulas, is connected with the tem- 
perature. This relation, however, can be .easily derived from 
E e g n a 11 1 t’s formula. 

If we multiply the equation 


log p 


■on both sides by the natural logarithm of 10, namely by 
2.302585093, which value we will designate by 7c, we will get in 
the left member the natural logarithm of p; we thus obtain 


\oge p = /c« 4- khd^ +• 

If we differentiate this equation and consider in so doing that 
T=t—tQ, where to is a constant quantity, there follows 


~=iZ) log^a ■a'^+kc logfi-p% 

or if we replace the natural logarithms of the right member by the 
Briggs, or common, logarithms, 

{b^b log a)o:'^4 (b^c log 

Now, hecanse from the earlier data the constants 6, c, a, ana /3 
are known for the different vapors, the two coefficients of a'^ and 
can be computed; let us designate them by m and n, so if we 
put 

m=k^b log a and n=k^e log .... (9) 

there follows 

■^=ma^-]rnl3^ ( 10 ) 

In the following ‘tabulation I have not given the values of m 
and n, but have given, for more convenient use, the values of log 
(ma^) and log (n/?’') as functions of t; as a consequence I had to 
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possibly be thus used; the table also contains a few vapors whose 
physical behavior in other particulars was examined by Reg- 
n a u 1 1 and which therefore seemed suited to explain the be- 
havior of the other vapors which were not so fully subjected to 
experiment. 

With the help of the expressions given in the table there can 
now be computed the pressures for given temperatures in the case 
of the eleven kinds of vapors enumerated; the pressure is here 
given in millimeters of mercury, and this is also done 
for these vapors in the first seven tables of the appendix of this 
book ; these computations are in part due to R c g n a u 1 1 and 
in part due to myself. 

If we divide these pressure values by 760 we get for the cor- 
responding temperature tthe pressure p i n at m o s p h c r e 
and if we multiply the values thus obtained by 10333 wc get 
^^the specific pressur e/^ i.c., its pressure expressed in 
kilograms per square meter. If we now divide the latter value l)y 
ten thousand, we get the pressure expressed in kilograms per 
square centimeter, a value which in common parlance 
is generally also designated as being expressed in at rn o s - 
phores; to avoid confusion many speak of new atmos- 
pheres; but in the present treatise we understand once for all 
by the pressure of one atmosphere the average pressure of the 
atmospheric air at the level of the sea, which is assumed to be 
760 millimeters of mercury and corresponds to a pressure of 10333 
kg. on 1 sq. rn. or of 1.0333 kg. on 1 sq. cm. [2116.3 lb. per 
sq. foot]. 

When we adjust ourselves to the newer measurement we will 
not use the term ^'atmospheres,’’ but simply say the pressure 
amounts to so and so many kilograms, it being then understood 
that one square centimeter of area is meant. It is hardly neces- 
sary to say^ because it seems scientifically self-evident, that the 
absolute pressure is always meant, never the so-called excess or 
gauge pressure, that is, the pressure remaining after the back 
pressure of one atmosphere is subtracted. 

Now the application of Thermodynamic laws to the investiga- 
tion of the behavior of vapors demands not only a knowledge of 
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■ then by a suitable combination of the given formulas we first of 
all get for the determination of the constants ai and the two 
equations: 

^ Syi ■ Sy2 — 8yo ■ 

W-Syo-dy-z ’ 

{Sy%y-oyi-oyz 

and then follows 

®-(ai-l)(/3i-aiy 

dyi-ai-5yo 

a=-yo-l-c, 


and finally, according to equation (7), 

log a log log Pi. 

In the manner here indicated ^ the constants in R e g n a u 1 t’s 
formulas were determined and are the ones used in his writings. 
I have omitted giving here all of these constants, preferring to 
give the values, for different vapors, of log (fia^) and log as 
functions of the temperature t, and this necessitates indicating 
the sign in front of the second and of the third term of equation 
(6) ; the tabulation on page 14 also contains the values of a for 
different kinds of vapors, the whole facilitating the work of numer- 
ical computation. 

The tabulation contains only a selection from the different 
vapors investigated by Regnault; only such kinds are there 
inserted as have already found technical application or could 


^ I have not regarded it as superfluous to give here the formulas for com- 
puting the five constants, because in Regnault’s papers (M4moires de 
VAcad^mie, Vol. XXI, p. 596) there are typographical errors in the two formulas 
for and Moritz called attention to them in the Bulletin de 

TAcad^mie de St. P^tersbourg, Vol. XIII, p. 43. They are also pointed out by 
Regnault himself in the second volume of ''Relation,^^ etc. 
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la a series of such experiments let to be the temperature of the 
experiment corresponding to the smallest pressure, and ii 
the temperature of the following experiment, then we haYe gener- 
ally, for equal temperature differences. 


to), 

wnere «=0, 1, 2, 3, etc.; substitution in equation ( 6 ) gives 


log p=a-l- 6 a“<'»“W 4 .C| 9 »C(i-«o)^ 


or, if we temporarily assume 

ai=QL‘^-*o and h = (7) 

log p = a + 60 : 1 '* (S) 

Now for the sake of simplicity let us put log p=y, and distin- 
guish the five experimental values of log p by the symbols 

2/0 2/1 2/2 2/3 

If we take in order 7 i= 0 , 1, 2, 3, 4, then equation 8 for the five 
experiments becomes 

2/o=a-i-b4-c, 

2 /i = a-|-f>ai-fc/9i, 

2/2=a-|-hai2+q?i2, 

2/3=a4-ho:i*+-c,9i», 

Let us, moreover, introduce for the differences of adjacent 
values the following symbols: 

yi-yo’^Syo, 

Vi-yi^^Vu 

2/a-2/2=%2, 

2/4-2/3=^2/*i 
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Here po, a, and ^ mean constant quantities; the formula 'was 
used by August and by Magnus. The latter determined 
the constants for the 'vapor of water from his famous 
eKperiments on its expansile force. Holtzmann^ calcu- 
lated the constants of the formula from the experiments of A w o - 
gadro, Marx, and Bunsen for the sapors of mercury, 
bisulphide of carbon, sulphurous acid, cyanogen, and ammonia; 
even in recent times recourse has often been had to the form given. 
We will here omit giving the very different numerical values of the' 
constants of the preceding formulas, for, in the principal investiga- 
tions that are to follow, we will exclusively employ the relation 
used by Regnault and before him by P r o n y and Biot.. 
The formula reads: 

log p=a+6a*’+c;?'', ...... (6) 

•where 

T—t—to (6a) 

and a, b, c, a, /?, and to are constant quantities. Regnault has 
observed, for a whole series of different kinds of vapors in the 
saturated condition, the pressures corresponding to the most 
varied temperatures, and has determined for each kind of vapor 
the constants of the preceding equation (6) and grouped them 
in tabular form. (Compare reference, Vol. I, p. 97.^) 

The logarithm employed is that of B r i g g s , and the pressure p- 
is measured in millimeters of mercury; t is the temperature ac- 
cording to Celsius; io is a constant quantity which was arbi- 
trarily chosen by Regnault and is the temperature of that one of 
five experiments which corresponds to the smallest pressure. The 
analytical determination of the five constants of equation (6) is 
only, possible when the five values of p, underlying the determina- 
tion of the constants, are chosen for equal intervals of tem- 
perature, which was an easy thing for Regnault to do because 
of the graphical representation of his experimental results. 

* C. H 0 1 1 z m a n n, “ 'tiber die Waime \md Elasticit&t der Gase and 
Dtopfe.” Maimlieim, 1845. 

»Rel. II, 651. 
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A. THE BEHAVIOR OF SATURATED VAPORS. 


§ 2. THE PRESSURE OF SATURATED VAPORS. 

The expansile force or the pressure of wet steam is, as wo luive 
already emphasized, independent of the volume v and the c pialit y 
X, and is to be regarded solely as a function of the temperatures t. 

But the efforts to develop from a general law the relation 
between pressure and temperature of wet (or saturated) steam of 
any sort have so far not succeeded (we will call attention later to 
the experiments which have been made in this direction); we 
have been obliged to content ourselves with the setting up of 
empirical formulas which agree more or less eloscly with the 
results of observation. 

A large number of such empirical formulas have loccn pro- 
posed, particularly for the vapor of water, and new ones arc con- 
stantly loeing presented even at the prresent time. 

There was formerly used in technical circles the formula given 
by Young, namely, 



in which formula a, and m are coefficients of experience derived 
from experiment. 

The older formulas of D u 1 o n g and A r a g o, of T r e d- 
g 0 1 d, of M e 1 1 e t, of P a in b o u r, of Coriolis, of the 
Artizan-Cl ub were of the preceding form,i and they differ 
only in the values of the constants a, /?, and m and in the limits 
of their application. Another much-used formula conies from 
Roche and was employed for the more exact physical investi- 
gations: 


log 


P . 

Po' 


pi 

OC’i-t 


( 5 ) 


*A disenswan and collection of the older formulas is given by E g e u ^ 
die Expansivkmft dcs Wasserdampfos-^' Poggondorffs Ijmaalen, Vol* 
27, im, p. 9. 


8 


TECHNICAL THERMODYNAMICS. 


as the upper limit; both curves play a prominent r61e in 
the theory of vapors. Here for the present we will only empha- 
size the following. 

Let us suppose that for a particular kind of vapor the two 
limiting curves are known by their equations 

p=<f>ia) and p = qS(s), (3a) 

where ^ and <f> indicate functions, and suppose both formulas 
are represented graphically by two curves, then the constitution of 
the steam and liquid mixture is given as soon as we know the 
pressure p and the volume v of the unit of weight. 

If we lay off in Fig. 1 the volume v as abscissa and the pressure 
p as ordinate, and if the corresponding point c falls between the 
limiting curves, the steam is wet, that is, mixed with liquid, 
is saturated; if the point falls into the space to the right of the 
upper limiting curve, this steam is superheated; but if it falls 
into the area to the left of the lower limiting curve, then only liquid 
is present and no steam. If the point falls o n the lower limiting 
curve 6162, then liquid alone is on hand, but of such a nature that 
the least supply of heat wiU start the evaporation. Finally if the 
point falls on the upper limiting curve did2, then the steam present 
is dry saturated. 

It has already been remarked that equation (2) can be regarded 
as the equation of condition of wet steam; as the values a and u 
occurring in it must be regarded as functions of the pressure p, 
the equation embraces the three variables, pressure p, volume v, 
and steam quality x. On the other hand if the steam is super- 
heated, the place of the latter variable is taken by the temperature 
T; the general expression, therefore, for the equations of condi- 
tion of superheated steam is given by 

T=f{p,v) (3b) 

If, as was formerly assumed, superheated vapors behave like gases, 
then the place of the foregoing equation would be taken by the 
■equation of condition of gases used in Volume I; but further 
investigations, in which the discussion of wet steams will be kept 
separate from that of the superheated ones, will show that the 
assumption mentioned is not an appropriate one. 
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■volume s of dry steam of the same pressure; and finally, beoauso 
the specific weight y of a, body is simply the reciprocal of t lic 
specific volume, we can say, in comparing superheated steaia wilii 
dry saturated steam of the same pressure, that in (he* 
dry saturated condition the specific weight of steam is a m a x i - 
mum, but its specific volume and its temperature arc caidi a 
minimum. 

On the other hand if from the piston position iTs and bcyoiu I the 
point d expansion takes place under constant temp e r a- 
t u r e i! with a corresponding supply of heat, then this will be accom- 
panied by a diminution of pressure somewhat like the coursi; of 
dotted curve dj; conversely, superheated steam comjiresHod at (con- 
stant temperature until such saturation occurs will show an hici-eaHc 
of pressure; therefore, comparing dry saturated steam with super- 
heated steam of the same temperature, the former ■will i)oss(*sk lh(! 
maximum pressure; a further increase of pressiin^ Iiy 
compression under constant temperature is not possihh; becriuse 
the isothermal curve /d passes into the horizontal dch at tlu^ point d. 

In the foregoing discussion there wa-s assumed in Fig. 1 a par- 
ticular external pressure p against the piston, and the point, a 
represented by its coordinates ao and p a kilogram [lln] of luiuid 
of the temperature 0° C. [32° F.]. Now if in a see.ond and third 
case the pressure p is at one time greater, natrxdy pi, and at the 
other time smaller, namely p^, then the two points /ti and 
will show by their coordinates the state of this liciuid at. the 
temperature 0° C. [32° F.]; or still more generally, tin* curve 
aiaa^y gives, for any pressure whatever at the tc.mr)((rnt.ur(( (P (', 
[32° F.], the specific volume of the liquid measured by tlu? !il)Hcis.Ma 
corresponding to the pressure. 

Now if, starting from the point ai, heat is imparted under con- 
stant pressure pi, evaporation will begin at the point bi -when the 
temperature ti is reached, and it will end at the fioint dj ; mid 
similarly starting with' the point as and heating under tin* eoiiHl ant 
pressure ps, the beginning of evaporation will fall at h-j and its 
end at ds. Consequently in the curves bihbz and djdds w(( hav<* 
two new curves of which the first, lying to the left, can bt* charne- 
terized as the lower limit, and the other, lying to the right, 
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other limit d ■we h.a've x=l, aad this means that the last liquid 
element has passed into the condition. o£ steam; steam in this 
condition is said to be “dry saturated”; the specific volume 
of this steam, already designated by s, and the spedfic volume 
a of the liquid are only to be regarded as a function of the 
pressure j> or of the temperature t. 

At any intermediate point c the volume of the steam present 
is xs, according to the given notation, and the volume of the liquid 
present is (1— consequently the specific volume v of a unit 
of weight of mixture of hquid and steam is 

v=xs + {l—x)a, 


or if, for the sake of simplicity, we substitute 

( 1 ) 
( 2 ) 


■we get 


u—s—a, 


v—zu-hcx, 


and this equation might be called the equation of condi- 
tion of wet steam. The magnitude u, as well as s and c, 
is a function of the pressure p ora function of the temperature 
t only ; it is represented in Fig. 1 by the distance bd and gives the 
increment of volume which occurs when 1 kg. [lb.] of liquid, of 
the pressure p and corresponding temperature t, is transformed 
at constant pressure p into dry saturated steam. 

If from the point d on, the steam is still heated under constant 
pressure p, there will occur a further increment of volume from d 
to the state e (Fig. 1), but now the heat supplied is expended in 
raising the temperature because there is no more 
liquid on hand; consequently increment of volume under constant 
pressure is connected with increase of temperature; on the way 
from d to e, and beyond, the steam is “superheated”; 
hence follows the proposition: Superheated steam has 
always a higher temperature than saturated 
steam of like pressure. 

Let V be the specific volume of the superheated steam in the 
-tate e (Fig. 1), then this volume will always be greater than the 
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uatil evaporation begins at a certain temperature t; let us 
suppose that at this instant the volume has increased from vq to 
cr; now the point h of the diagram corresponds to the instantaneous 
state of the liquid. 

A remarkable phenomenon now occurs; the temperature t at 
which evaporation begins depends only upon the pressure p, 
the greater or smaller value of the pressure p corresponding 
respectively to the higher or lower value of the temperature t. 

If the supply of heat is continued beyond the state b, the 
liquid will gradually pass into steam, the piston will yield, making 
room, and in doing this the corresponding temperature t will 
remain unchanged so long as the external pressure p that is over- 
come is kept constant, and this will continue until the last liquid 
element has become steam at the point d; let a designate now and 
hereafter the volume of the steam for this state. 

Along the whole path h cd (Fig. 1) the steam is in contact with 
the liquid and is therefore called “ saturated,” and the remarkable 
thing about this condition is that the temperature of the steam 
rises and falls with the pressure p so that a particular temperature 
corresponds to a particular value of the pressure; “the tem- 
perature t of the saturated steam is only a 
function of the pressure p”;itis not at the same 
time dependent on the volume of the mixture consisting of liquid 
and vapor, nor does it depend upon the proportion of the mixture 
existing at the instant, that is, on the ratio of the kilograms of 
liquid to the kilograms of steam present in a unit of weight of the 
mixture. 

At any point c of the path led (Fig. 1) a certain proportion of 
the mixture will exist which is completely determined by the 
weight r kg. [lb.] of the steam present at the instant ; as we assume 
the mixture to have a unit of weight, it follows that the weight of 
the liquid mass present must be (1 -x) kg. [lb.]; the magnitude x 
may be called “specific steam weight” and (1 — a:) the 
“ specific liquid weight ” ; instead of these long terms, however, 
we will designate by x and 1-x respectively the “quality ” and 
the “wetness” of the mixture. At the point b (Fig. 1) only 
liquid is present and therefore the steam quality a:=*0; at the 
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formed, or whether the steam exists there alone without any 
liquid. 

In the first case the vapor is said to be “moist ” or “saturated,” 
in the other case to be “non-saturated ” or “superheated,” and 
this distinction will be maintained in all the following investiga- 
tions; in the first case the assumed mixture of liquid and vajjcjr 
may have the liquid completely separated from the vapor, sf) that 
the space will be divided into a liquid space and a steam si)ace, 
as is in fact the case in ordinary steam boilers; but it may hapixm 
that a part of the liquid, and under certain circumstanc(?s the 
whole of the liquid mass (particularly if its weight is small in conr- 
parison with that of the vapor), may hover in the vapor in the 
form of little vesicles of water; in this latter case the vapor, which 
is usually as invisible as ordinary air, will become perceptible to 
the eye as fog. Such vapor is in technical circles said to be “ wet” ; 
for the sake of brevity of expression, however, we will hereafter 
use the designation “wet steam ” mostly for a mixture of Ii(]uid 
and vapor, even though the liquid is separated from the vapor in 
the same vessel. 


Let the cylinder AB (Fig 
fl sq. ft.] and contain 1 kg. [1 

r. 



■ Ai K, X % % ' 

Fio. 1. 

side, then its temperat 


. 1) have a cross-section of 1 ap ni. 
lb.] of the liquid between the; cylin- 
der head A and piston K wlion the 
piston occupies the position A'j; 
let its temperature then be 0° C. 
[32° F.] and its volume ao; if it is 
now subject to the external pres- 
sure p, the point a will represent 
the condition of the liquid ma-ss 
at this instant, the volume ao 
being represented by the abHci.s.sa 
and the pressure p by the ordinate. 
If, during the operation to be im- 
mediately discussed, the pressure p, 
acting on the piston from the out- 
side, is kept constant and the 
liquid receives heat from the out- 
1 r e will rise from 0° C. [32° F. 




TECHNICAL THEKMODYNAMICa 


§ 1. PRELIMINARY REMARKS. 

According to old usage we designate as “vapors ” the air- 
like bodies which can be transformed into liquids and even 
under certain circumstances into solids by cooling, gener- 
ally accompanied by a diminution of volume, and conversely can 
be generated from liquid or solid bodies by the addition of heat. 

In the introductory remarks to the investigations of gases 
(p. 89) it was brought out that, in the sense indicated, all kinds 
■of gases without exception might justly be regarded as vapors; 
at the same time (p. 93) the reasons were given for maintain- 
ing in Thermodynamics the distinction between gases and 
vapors. 

In the following investigations, which are intended exclusively 
for technical needs, we will in general consider only those vapors 
which, comparatively speaking, do not require too great a lowering 
of temperature for their liquefaction or condensation. The tech- 
nically most important vapor is steam; the vapors of carbonic 
acid, ammonia, sulphurous acid and ether are also important, the 
latter on account of their application in refrigerating engines; the 
vapors mentioned fulfill the prescribed condition, and so do a few 
others which are of physical interest because certain observations 
are available for their more thorough investigation. 

In more closely considering vapors two essentially rlifferent 
states must be distinguished from each other; namely, if there 
exists in an enclosed space a certain kind of vapor, then the be- 
havior of this vapor is very different according to whether there 
as present in the same space the liquid from which the vapor was 


THIRD SECTION. 
Theory of Vapors. 




Till 


CONTEITTS OF TEE SECOEE VOLUME. 


B. Cold“vapor Engines. 

PAGET 

§ 58. Refrigerating macliines in general 459 

§ 59. Cycle of the theoretically perfect cold-vapor engine 463 

§ 60- Cycle of a perfect cold-vapor engine according to Lorenz 474 

§ 61. Cycle of actual cold- vapor engines 478 

I 62. Influence of superheating in the compressor of actual cold- 

vapor engines 484 

J 63. Calculation of the dimensions of the compressor 487 

APPENDIX. 

Tables of the Appendix (Peench Units). 

Saturated vapor of water II 

Saturated vapor of ether VI 

Saturated vapor of alcohol VIII 

Saturated vapor of acetone X 

Saturated vapor of chloroform XII 

Saturated vapor of chloride of carbon XIV 

Saturated vapor of bisulphide of carbon XVI 

Saturated vapor of ammonia XVI II 

Saturated vapor of sulphurous acid XX 

Saturated vapor of carbonic acid XXII 

Pirst principal table for water vapor XXIV 

Second principal table for water vapor XXVII 

Tables op the Appendix (Engtjsh Units). 

Saturated vapor of water XXX 

Saturated vapor of ether XXXIV 

Saturated vapor of alcohol XXXVI 

Saturated vapor of acetone XXXVIII 

Saturated vapor of chloroform . XL 

Saturated vapor of chloride of carbon *XLII 

Saturated vapor of bisulphide of carbon XLIV 

Saturated vapor of ammonia XLVl 

Saturated vapor of sulphurous acid XL VIII 

Saturated .vapor of carbonic acid L 

First principal table for water vapor XII 

Second principal table for water vapor XV 

Auxiliary table (English units) corresponding to pp. 62 and 63 . . XVIII 
Auxiliary table for conveisian oi pounds per square inch into 

atmospheres. . . . .-v . . . XX 


CONTENTS OF THE SECOKD YOLUME. vii 

D. On the Behavior of Mixtures. 

Xa) Mixtures of Atmospheric Air and Steam. 

PAGK 

§ 40. The general behavior of the mixture of air and Wi3t steam 320 

I 41. Isothermal changes of state of the mixture of air and wet steam. 323 
§ 42. Isothermal change of state for the mixture of air, steam, water, 

and ice 329 

§ 43. Adiabatic change of state of the mixture of air and wet steam.. . 333 

§ 44. Behavior of the mixture of air and unsaturated vapor 33S 

§ 45. Behavior of the mixture of air, steam, and ice 350 

(5) Mixtures of Different Kinds of Vapors. 

§ 46. General remarks on mixtures of different kinds of liquids and 

their vapors 353 

5 47. Recent researches on the behavior of saturated and super- 
heated steam'' 357 

APPLICATIONS. 

TECHNICAL PART. 

Theory of Steam Engines. 

} 48. Preliminary remarks 368 

A. Steam Engines (Hot-vapor Engines). 

(a) Engines for Saturated Vapors. 

§ 49. The Carnot cycle of the steam engine 371 

§ 50. Investigation of the perfect steam engine and calculation of its 

dimensions % 381 

§ 51. Cycle of the actual steam engine and loss of work due to im- 
perfection of the cycle 396 

I 52. Loss of work due to incomplete expansion 406 

§ 53. Loss of work due to clearance. Action of compression 410 

§ 54. Loss of work due to the action of the cylinder walls. Calorimetric 

investigation of steam engines 419 

§ 65. Discussion of the equations for the heat exchange between steam 

and cylinder walls 428 

(6) Engines for Superheated Steam. 

I 56. The indicated work and the thermal efficiency of the steam 

engine. The standard cycle and the corresponding efficiency , 441 
I 57. Addendum. Theory of fireless steam engines 449 


VI 


CONTENTS OF THE SECOND VOLUME. 


PAGE 


{ 18. Theory of surface condensers 

i 19. Theory of the jet condenser * 

§ 20. Calorimetric investigation of the G i f f a r d steam jet pump 
(injector)^ * 


III. The Flow and the Efflux op Wet Vapors. 


I 21. Fundamental formulas for the flow of wet vapors 

§ 22. Efflux of highly heated liquids from simple orifices under constant 

pressure * ■ * 

I 23. Efflux of dry saturated vapors from simple orifices under constant 

pressure 

i 24. Experiments on the efflux of steam 

i 25. Efflux experiments with the help of the steam jet pump 

i 26. Recent investigations on the flow of vapors 

(De Laval Nozzle.) 


153 

160 

167 

181 

189 

196 


B. The Behavior of Superheated or Unsaturated Vapors. 

{ 27. Extension of the propositions concerning the limit curve and the 


critical temperature 202 

{ 28. The equation of condition of dry saturated, superheated vapors . 20S 
i 29. Older approximate forms for the equation of condition of vapors . 223 

§ 30. Superheated steam. 229 

{ 31. The heat equations of superheated vapors 243 

{ 32. The vapor of ammonia 252 

{ 33. The vapor of sulphurous acid 256 

i 34. The vapor of carbonic acid 262 


APPLICATIONS. 

Reversible and Non-reversible Changes of Superheated Vapoe 

OF Water. 

§ 35. The isothermal, isodynamic, and adiabatic curve for superheated 


steam. . 274 

i 36. Generation of superheated steam under constant pressure. ...... 281 

f 37. The flow of steam from one vessel to another, and the throttlir^ 

of the steam 293 


C. Atmospheric Air as Liquid and Vapor. 

J 38. Linde’s machine for the liquefaction of air 

f 39. Extended equation of condition for atmospheric air. 



- < 


CONTENTS OF THE SECOND VOLUME. 


THIRD SECTION. 

Theoet op Vapors, 

PAGB 

§ 1. Preliminary remarks 3 

A. The Behavior of Saturated Vapors. 

§ 2. The pressure of saturated vapors 9' 

§ 3. The heat of the liquid, the total heat and the latent heat 20 

§ 4. Steam heat and the inner and outer latent heat 26 

5 5. Specific weight of saturated vapors 33 

§ 6. Clapeyron's equation 33 

§ 7. Recent investigations by B a 1 1 e 1 1 i on the behavior of the 

vapor of water. 48 

§ 8. Heat equations of mixtures of vapor and liquid (wet vapors). ... 53 

§ 9. The entropy of wet vapors and the transformation of their 

pressure curves 61 

§ 10. The isothermal and the isodynamic curve of wet vapors 71 

5 11, The adiabatic curve of wet vapors 75 

APPLICATIONS. ■ • 

I. Reversible Changes op State op Wet Vapors. 

5 12. Heating or cooling of wet vapors at constant volume 89 

5 13. The curve of constant steam weight and zero curve of wet steam. 99 

1 14. Investigation of different hypotheses concerning the expansion of 

steam in the cylinder of the steam engine 106 

1 15. Continuation of the investigation of different curves of expansion . 1 16 

II. Non-rbversiblb Change op State ot Wet Vapors, 

§16. Expansion of wet vapors under different circumstances 120 

§17. Mixture of wet vapors of the same kind. 129 

V 


- 


CONTENTS OF THE SECOND YOLUME. 


THIRD SECTION. 

Theory op Vapors. 

PAOB 

Preliminary remarks 3 

A. The Behavior of Saturated Vapors. 

The pressure of saturated vapors 9 * 

The heat of the liquid, the total heat and the latent heat 20 

Steam heat and the inner and outer latent heat 26 

Specific weight of saturated vapors 33 

Clapeyron's equation 38 

Recent investigations by Battelli on the behavior of the 

vapor of water 48 

Heat equations of mixtures of vapor and liquid (wet vapors) .... 58 

The entropy of wet vapors and the transformation of their 

pressure curves 61 

The isothermal and the isodynamic curve of wet vapors 71 

The adiabatic curve of wet vapors 4 75 

APPLICATIONS. ’ ' • 

I. Reversible Changes op State op Wet Vapors. 

Heating or cooling of wet vapors at constant volume 89 

The curve of constant steam weight and zero curve of wet steam. 99 
Investigation of different hypotheses concerning the expansion of 

steam in the cylinder of the steam engine 106 

Continuation of the investigation of different curves of expansion . 116 

■. Non-reversiblb Change op State Wet Vapors. 

Expansion of wet vapors under different circumstances 120 

Mixture of wet vapors of the same kind 129 

V 


TECHNICAL 


THERMODYNAMICS 

BY 

DR. GUSTAV ZEUNER 


riRST ENGLISH EDITION 

FBOM THE FIFTH COMPLETE AND REVISED EDITION OP 

“GRUiNDZilGE DER MECHANISCHER WARMETHEORIE” 

Volume II 

THE THEORY OF YAPORS 

AUTHORIZED TRANSLATION BY 

J. F. KLEIIn, D.E. 

Profmor of Mechanical Engineer mg, Lehigh Umvereity 


LONDON" 

ARCHIBALD CONSTABLE <fe CO Ltd. 

10 OllANSE SXKEET, LeIOESTISB SQUAEE, W C 
1907 


